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There are many other applications beside the use of polyurethane in medicine like coatings for 
ships or glass buildings. De illustration shows the hydrodynamic conditions of the 




Naast het veelvuldig gebruik van polyurethaan in de geneeskunde, heeft polyurethaan andere 
toepassingen zoals een coating op schepen of glazen gebouwen. De foto illustreert de 
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The importance of bacterial adhesion to surfaces can not better be illustrated than by the wide 
range of fields in which it occurs, including biotechnology, biofouling, biomedical 
engineering, dentistry and geochemistry. Studies on fundamental understanding of the 
influence of physicochemical and biological factors on the onset of bacterial colonization 
have not come up with ‘the’ factor controlling bacterial adhesion. Effective ways to protect 
surfaces from fouling are still limited, and therefore often the only remedy is the use of 
toxicants like heavy metals in ship paints or of antimicrobials in mouth washes and contact 
lens solutions. Once biomaterials in the human body have become infected, they frequently 
have to be removed at high expenses for the health care system and major patient’s 
discomfort. Not surprisingly, a considerable amount of research efforts are focussed on the 
development of new, biofouling resistant coatings (3,4). 
 
Biofouling to an exposed surface starts when bacteria are transported to a substratum surface 
by convection, diffusion or sedimentation, followed by adsorption and attachment of 
microorganisms and finally in situ growth (2). A way to schematically present the influence 
of surface properties on biofouling is the so-called fouling triangle (Fig. 1). The triangle 
indicates three major surface properties influential on biofouling: hydrophobicity, elasticity 
and rugosity. 
 
Hydrophobicity is an expression related to surface tension, which is a result of Liftshitz-Van 
der Waals forces and acid-base interactions (1). Elasticity is also referred by the term 
“softness” and roughness is the structure of the surface on a nano- or micrometer scale. All 
three surface properties are important in shaping the dynamics of adsorption and adhesion, 
although the exact interplay of these parameters in controlling biofouling are not known. 
Despite the evident beauty of the pollution triangle as a schematic presentation of the factors 
influencing biofouling, it must be realized that it neglects many other factors, like surface 
charge, relevant in fouling. Bacterial cell surfaces are both chemically and structurally more 
complex and heterogeneous than most inert substratum surfaces and their composition is 
constantly changing during the process of adhesion. Bacterial cell surface physiology is 
determined by the availability of dissolved nutrients, such as organic carbon, proteins and 
dissolved minerals (5). However, also the properties of substratum surfaces can change 
depending on the environment in which they are placed and a so-called conditioning film of 
organic material first covers often a substratum surface. Conditioning films change the 
surface properties completely or mask them (6), but the original substratum surface properties 
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potentially shape subsequent microfouling events through the intermediary of these 
conditioning films. The composition of the conditioning film is a result of the organic solutes 
in the medium, which are different, for instance, in the marine environment than in the human 
body. In the marine environment, the availability of dissolved organic carbon is extremely 
low in comparison with the human body. Therewith it can be expected that verification of the 












Figure 1. The fouling triangle. The area confined between the three curved lines indicates a preferred 
set of surface properties for optimal fouling control. 
 
The fouling triangle in Fig. 1, has been the starting point for the research described in this 
thesis, that aimed toward verifying the fouling triangle for a series of fluoridated and non-
fluoridated polyurethanes with different surface tensions and elasticities. Considering the 
influence of environmental conditions on the fouling process, bacterial strains and 
environmental conditions were chosen from two extreme habitats: the marine environment 
and the human body. In both areas of application, antifouling polyurethanes could play an 
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Adhesion of marine organisms, like bacteria, diatoms, protozoa and microalgae, occurs on all 
materials immersed under seawater for prolonged periods of time and is the on-set of the 
formation of a marine biofilm finally covered by invertebrates and seaweed. Marine biofilms 
pose a serious problem for ship industry because they add drag, which increases the fuel 
consumption of an average US Naval vessel by approximately 20%, costing 400 US$ more 
per hour at a speed of 26 knots (48-km h-1) (9). The biofilm can even disturb the surface of the 
ship hull by the production of corroding agents that have the ability to penetrate ship coatings 
(22).  
 
Numerous studies have been conducted to determine the influence of the physical (30) and 
toxic (13) properties of coatings on adhesion of marine bacteria, but it has seldom been 
realized that bacterial adhesion to surfaces depends in part on the type of system used to study 
adhesion in situ (15). Both under laboratory conditions (“slight rinsing” and “dipping” to 
remove the notoriously undefined “loosely-bound” organisms) as well as in real life (waves), 
surfaces with adhering bacteria are exposed to liquid-air interfaces and other hydrodynamic 
detachment forces. It has been shown theoretically (21) and experimentally (17) that a passing 
liquid-air interface can remove up to 100% of all bacteria adhering to a substratum surface, 
depending on the surface properties of the bacterial strain and the substratum. For this reason, 
several devices have been developed (2,4), allowing a well controlled flow and enabling in 
situ observation of adhering bacteria. However, an extensive comparison of bacterial 
deposition in different flow devices and whether bacterial adhesion proceeds according to the 
same mechanisms under different modes of mass transport has not been made. 
 
Theoretical comparisons of different flow devices are possible by solving the so-called 
convective-diffusion (3,25) describing bacterial mass transport to a surface under flow. Exact 
analytical solutions of the convective-diffusion equation are often too difficult to obtain, but 
several approximate solutions exist. In the Von Smoluchowski-Levich approximation 
attractive Liftshitz-Van der Waals forces between a bacterium and a substratum surface are 
thought to be counterbalanced by the hydrodynamic drag which a bacterium experiences 
when approaching a substratum surface, while electrostatic interactions are neglected (7). 
Consequently, bacterial deposition rates obtained from the Von Smoluchowski-Levich 
approximation are considered as an upper limit for bacterial mass transport in a given device, 
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although Sjollema and coworkers (29) have presented bacterial deposition rates in excess of 
this theoretical upper limit. Bacterial strains showing such excessively high deposition rates 
could be identified as fibrillated strains and the conclusion was drawn that fibrils assist 
bacterial adhesion in a way, not accounted for in the Von Smoluchowski-Levich 
approximation.  
 
Theoretical comparisons of bacterial mass transport in a parallel plate (PPFC) (2,27) and a 
stagnation point (SPFC) (11) flow chamber have demonstrated that mass transport in the 
PPFC is slow, because convective flow is parallel to the substratum surface, while slow 
diffusional mass transport brings flowing bacteria toward the substratum surface, whereas 
convective flow is toward the substratum surface in the SPFC as illustrated in   Fig. 1. By 
expressing experimental deposition rates relative to the upper limit for mass transport in the 
Von Smoluchowski-Levich approximation, a so-called deposition efficiency can be obtained 
that should theoretically account for the differences between different devices. However, it 
can also be anticipated that different adhesion mechanisms are operative under the different 
mass transport conditions. It is becoming more apparent that microbial cell surfaces must be 
considered as possessing a soft surface layer (23,24,31), that may be somewhat compressed 
during head-on collisions with a substratum surface as in a SPFC allowing inner regions to 
interact. In the PPFC, collisions are much gentler and only the outside of a microbial soft 
surface layer is anticipated to interact which may yield a different adhesion mechanism.  
 
The aim of this chapter is to compare the adhesion in a parallel plate and a stagnation point 
flow chamber for three marine bacterial strains with different cell surface hydrophobicities on 
an experimental basis and to compare deposition efficiencies calculated from the Von 








































Figure 1. Schematic presentation of the flow in the PPFC (upper) and SPFC (lower) used in this 
study, together with their essential dimensions. In the PPFC the substratum surface can only be 












MATERIALS AND METHODS 
 
Bacterial strains and culture conditions. Three marine bacterial strains were selected with 
different cell surface hydrophobicities, namely the motile rod-shaped bacterium Marinobacter 
hydrocarbonoclasticus ATCC 27132, non-motile spherical bacterium Psychrobacter sp. 
SW5H (kindly provided by H. M. Dalton) and non-motile spherical bacterium Halomonas 
pacifica ATCC 27122. Psychrobacter sp. SW5H was isolated from surfboard wax after 
exposure to seawater off Wanda Beach, Sydney (12). To preserve the strains, cultures were 
transferred to beads (TSC, Heywood, UK) and vials were stored (-80°C), from which new 
stock cultures were periodically established. For each adhesion experiment, bacteria were 
precultured from marine agar plates (Difco Marine agar 2216, Le pont de Claix, France) in 
batch culture of artificial seawater (Sigma Sea Salts, Steinheim, Germany, 38.5 g l-1), 
supplemented with 5 g l-1 bacteriological peptone (Oxoid, Basingstoke, UK) and 1 g l-1 yeast 
extract (Oxoid, Basingstoke, UK) for 24 h at 30°C, while firmly shaking (rpm 180) for 
oxygenation and to avoid bacterial aggregates. These cultures were used to inoculate second 
cultures which were grown for 16 h. Bacterial cells were harvested by centrifugation (5 min at 
10000 g) and washed twice with artificial seawater. Subsequently, cells were counted in a 
Bürker-Türk counting chamber and suspended in artificial seawater to a density of 3 × 108 
bacteria ml-1. 
 
Cell surface characterization. Bacterial cell surfaces were characterized by their cell surface 
hydrophobicities by water contact angles and zeta potentials in artificial seawater as a 
measure for their net surface charge. For zeta potentials (19), bacteria were washed twice and 
resuspended in artificial seawater to 1 × 108 bacteria ml-1. The electrophoretic mobilities on 
aliquots of these suspensions were measured at 150 V in a Lazer Zee Meter 501 (PenKem, 
USA), that uses the scattering of incident laser light to detect the bacteria at relatively low 
magnification. The mobility of the bacteria under the applied voltage was converted to 
apparent zeta potentials according to the Helmholtz-Von Smoluchowski equation (18). Cell 
surface hydrophobicities were assessed from water contact angles on lawns of bacteria using 
the sessile drop technique (8,32). Bacterial lawns were deposited on cellulose acetate 
membrane filters (Millipore, pore diameter 0.45 µm) which were positioned on a fritted glass 
support under negative pressure. The wet filters were fixed on sample holder plates with 
double-sided sticky tape and left to air dry in ambient air until so called “plateau” contact 
Chapter 2 
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angles could be measured, indicated by stable water contact angles over time. Bacterial lawns 
were prepared by washing the bacteria twice with seawater and extensive washing with 
demineralized water after deposition on a filter. All cell surface characterization 
measurements were done in triplicate with separately cultured strains.  
 
Substratum. Glass surfaces were cleaned first by sponging with 2% Extran MA02 (Merck 
KgaA, Darmstadt, Germany), followed by sonication 10 min in 0.5% RBS25 (Fluka Chemie 
AG, Buchs, Switzerland) and thoroughly rinsing with methanol, tap water and finally 
Millipore-Q water to obtain a fully water wettable, hydrophilic surface, i.e. a zero degrees 
water contact angle.  
 
Flow chamber experiments and image analysis. The SPFC (11) and PPFC (3) were used. A 
flow chamber was incorporated between two communicating vessels, placed at different 
heights and containing the bacterial suspension, to create a pulse-free flow by hydrostatic 
pressure. Fluid was recirculated with a roller pump between the vessels. Briefly, for the 
parallel plate flow chamber, deposition was observed in the center of the bottom plate with a 
charge coupled device camera (CCD-MXR/5010, High Technology, Eindhoven, The 
Netherlands) mounted on a phase contrast microscope (Olympus BH-2), equipped with a 40 × 
ultra-long working distance objective (Olympus ULWD-CD Plan 40 PL). For the stagnation 
point flow chamber, deposition in the area 1.1 mm away from the stagnation point was 
observed with a CCD-LDH camera (Philips, Eindhoven, The Netherlands) mounted on a 
dark-field microscope (Leitz) equipped with 50 × objective (Leitz Wetzlar). Live images were 
grabbed with a PC-Vision+ frame grabber (Imaging Technology Inc., Woburn, MA, USA) 
and sharp filtered. For both systems, deposited bacteria were discriminated from the 
background by single grey value thresholding. This yielded binary black and white images, 
which were subsequently stored on disk for later analysis. Experiments were carried out at a 
flow rate of 0.050 ml s-1 for the PPFC and 0.0088 ml s-1 for the SPFC at 20°C, corresponding 
with a common wall shear rate of 22.5 s-1 and a common Péclet number of 1.05×10-2. The 
Reynolds numbers for the PPFC and SPFC were 1.3 and 2.6 respectively, proving a laminar 
flow in the flow chamber. Before each experiment the flow chamber and the collector 
surfaces were washed with artificial seawater for 15 min to condition the surface. All 
experiments were performed at 20°C in triplicate, with separately cultured strains. 
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The total number of adhering bacteria per unit area n(t) were recorded as a function of time by 
image sequence analysis for at least 5 h. After reaching a stationary end-point, an air bubble 
was passed through the flow chamber in order to obtain an indication about the adhesion force 
of attached bacteria, i.e. their retention capacity. 
 
Data analysis. The number of bacteria in the stationary end-point and a characteristic 
adhesion time were determined by fitting the bacterial adhesion kinetics to (16)   
 n(t) = n∞ (1 – e-t/τ) [1] 
in which n∞ is the number of bacteria in the stationary end-point, t is the time in seconds and τ 
is a characteristic adhesion time. 
 
The initial deposition rate, j0 , was calculated directly by linear regression analysis from the 
initial increase of the numbers of adhering bacteria as a function of time, after which the 
entire adhesion kinetics over the full duration of an experiment was used to obtain the 
characteristic adhesion time τ. The characteristic adhesion time is composed of two 
components due to desorption and blocking according to (15) 
 1/τ =  β + j0A1 [2] 
in which β is the desorption rate and A1 is the area blocked by an adhering particle. The 
blocked area A can be derived from the radial pair distribution g(r) as can be calculated from 
the spatial distribution of the adhering bacteria. Radial pair distribution functions describe the 
relative density of adhering bacteria around a given center bacterium as a function of their 
separation distance (20) 
 
0ρ
dr)ρ(r,g(r) =  [3] 
where ρ(r,dr) is the density of adhering particles in a shell with width dr at a distance r from a 
center particle. Each adhering particle is taken once as a center particle. As an example, the 
spatial arrangement of adhering bacteria and the resulting distribution function g(r) are given 
in Fig. 2. The blocked area was calculated from the region for which g(r) < 1 (28). Small 
blocked areas with a high relative density of adhering bacteria have been associated with a 
positive cooperativity for oral streptococci (14), while large blocked areas are indicative of 




Figure 2. Analysis of the spatial arrangement of adhering bacteria (left), in which each bacterium is 
once taken as a center particle, yielding the relative density of adhering bacteria as a function of the 
distance (r) from each other. The region where g(r) < 1 is associated with the blocked area A (right). 
 
The Von Smoluchowski-Levich approximate solution was used to calculate the theoretical 
upper limit for the deposition rate in both flow chambers under the experimental conditions 
employed. The equations necessary to calculate the deposition rates in the Von 
Smoluchowski-Levich approximation together with the Reynolds number for both flow 
chambers are summarized in Table 1. Finally, the number of bacteria that could not withstand 
the detachment forces arising from a passing air bubble through the flow chamber was 
calculated with respect to the number of bacteria adhering prior to the passage of an air 
bubble. The maximum force Fmax caused by a passing air-bubble on an adhering bacterium 
can be approximated by (21) 
 Fmax = 2πrγl   [4] 
in which r denotes the bacterial radius and γl is the surface tension of the suspending fluid. For 
most bacteria adhering from an aqueous fluid, this results in a force of about 10-7 N, which is 













distance (r)   d(r)       r 
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Table 1. Equations for mass-transport in the PPFC and SPFC, including the Péclet number  Pe a, the 
initial deposition rate j0*, according to Von Smoluchowski-Levich, and the wall shear rate σ   (15,20) 
and Reynolds number Re (6,10,33) b. 
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a The approximate equation for the Pe number is only valid for this specific SPFC. 
b Nomenclature: Vm, mean particle velocity in a flow chamber; a, particle radius; b, half depth of a 
PPFC; Qpp and Qsp, flow rate; D∞, particle diffusion coefficient; w, width of the flow chamber; ν, 
kinematic viscosity; r, longitudinal distance from the stagnation point; R, aperture radius of the SPFC; 
x, the longitudinal distance from the PPFC entrance; c, particle concentration; αs, a constant that can 
be calculated numerically, which depends on the Reynolds number and geometry of the system. 
 
 
Statistical analysis. A Students-t test was used to evaluate the significance of the differences 





Bacterial cell surface characterization. The zeta potentials of the bacteria in artificial 
seawater were all close to zero (ranging from –1 up to 0 mV), because surface charge is 
effectively shielded by counterions. Water contact angles, however, differed greatly amongst 
the strains used and M. hydrocarbonoclasticus was the most hydrophobic strain with a water 
contact angle of 85 degrees, while Psychrobacter sp. had an intermediate hydrophobicity 
(water contact angle 54 degrees) and H. pacifica being the most hydrophilic strain (water 
contact angle 18 degrees). 
 
Deposition experiments. Fig. 3 presents the deposition kinetics for M. 






Figure 3. Deposition kinetics for M. hydrocarbonoclasticus, Psychrobacter sp. and H. pacifica on 
glass in synthetic seawater in a PPFC (left) and SPFC (right). 
 
seawater in the PPFC flow and SPFC. As can be seen, the deposition kinetics differ not only 
per strain, but also in both flow chambers. In the SP flow chamber a stationary end-point is 
reached faster than in the PPFC, while the final surface coverage reached in both flow 
chambers was almost similar, at least for H. pacifica.  
 
The initial deposition rates j0, numbers of bacteria adhering in the stationary end-point n∞, 
blocked areas A1, reciprocal adhesion times 1/τ and desorption rates β are summarized in 
Table 2. The initial deposition rates are two to threefold higher on average in the SP flow 
chamber than in the PPFC for all strains. In the stationary end-point, however, similar 
numbers of M. hydrocarbonoclasticus  and H. pacifica adhered in both flow chambers (see 
also Table 2), but Psychrobacter sp. cells adhered in slightly lower numbers in the SPFC than 
in the PPFC. Note that the most hydrophilic strain, H. pacifica adheres in the highest numbers 
to the hydrophilic glass surface. Blocked areas in the SPFC are two to three times lower than 
in the PPFC, except for H. pacifica. Desorption is two to four fold higher in the SPFC than in 
the PPFC and correspondingly the passage of an air-bubble through the flow chamber yields a 
higher detachment rate of bacteria adhering in the SPFC than in PPFC. M. 
hydrocarbonoclasticus, the most hydrophobic strain, was more easily detached from the 
hydrophilic glass surface than the other two strains. 
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The Von Smoluchowski-Levich theoretical initial deposition rates are 4.2 times higher in the 
SPFC (3472 cm-2 s-1) than in the PPFC (826 cm-2 s-1), but the ratio between the experimental 
deposition rates amounts only 2.5, indicating that experimentally there is less difference 
between both flow chambers than theoretically expected. The deposition efficiency (see also 
Table 2) exceeds 100% in the PPFC for Psychrobacter sp. and H. pacifica, while M. 
hydrocarbonoclasticus has the lowest deposition efficiency in both flow chambers. Generally, 
deposition efficiencies differ significantly in both flow chambers, indicating that different 
adhesion mechanisms are operative.   
 
Finally, with regard to the comparison of the flow chambers, Table 2 also shows that the 
experimental reproducibility is better in the SPFC than in the PPFC. Initial deposition rates in 
the SPFC are nearly four times more reproducibly measured than in the PPFC, while 





In this chapter, two devices to measure bacterial adhesion of three marine strains to glass 
under flow are compared on an experimental and theoretical basis. The measurements were 
done at a common Péclet number and shear rate. Although one of the strains involved, M. 
hydrocarbonoclasticus, is a motile strain this is unlikely to have an impact on the adhesion 
kinetics, because the flow speed is higher than the bacterial movement. 
 
All three strains showed different adhesion kinetics. The hydrophilic bacterium H. pacifica 
had the greatest affinity for the hydrophilic glass surface in line with the thermodynamically 
predicted preference of hydrophilic strains for hydrophilic substrata (1). Similarly, 
hydrophobic M. hydrocarbonoclasticus was detached most easily from hydrophilic glass by a 
passing air-bubble, also in line with the thermodynamically predicted dislike of hydrophobic 
strains for hydrophilic substrata, expressing that the free energy required to detach 
hydrophobic bacteria from a hydrophilic surface is smaller than the energy needed to detach 
hydrophilic bacteria.The initial deposition rates observed are higher in the SPFC than in the 
PPFC. In the PPFC mass transport by convection is parallel to the substratum surface and 
bacteria in the flowing suspension have to bridge a relative great distance by “slow” diffusion 
in order to reach the surface. On the other hand, in the SPFC suspended bacteria are 
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transported nearly almost perpendicular toward the surface by convection and diffusion plays 
only a minor role. In most microbial habitats, including the marine environment, both modes 
of mass transport occur and the different deposition efficiencies observed for a given strain in 
both flow chambers clearly indicate that different adhesion mechanisms are at work.  
 
The deposition efficiencies are generally smaller in the SP flow chamber, as compared with 
the PPFC, indicating a relatively high number of arrivals of bacteria at the substratum that 
eventually do not result in adhesion. This may indicate that the outermost cell surfaces gently 
interacting with the substratum surfaces are more adhesive than the inner surfaces of the 
bacteria after compression. On basis of the Von Smoluchowski-Levich approach, a factor of 
4.2 between initial deposition rates in both flow chamber devices is expected, which is larger 
than the experimental ratio of 2.5. The reason that deposition in the SP flow chamber does not 
exceed the theoretical maximum and the ratio is smaller might be that the theoretical initial 
deposition rate was calculated for the stagnation point, while measurements were done 
adjacent to the stagnation point. In the stagnation point the shear rate is 0 and increases to 
22.5 s-1 at the measured point. For Psychrobacter sp. and H. pacifica in the PPFC, the initial 
deposition rates exceed the theoretical maximum, possibly due to structural cell surface 
components assisting adhesion (29).  
 
Higher ionic strength solutions, like seawater, lead to smaller blocked areas (35) due to 
decreased electrostatic repulsion between adhering and flowing particles. The slightly larger 
blocked areas as found in the PPFC probably result from a disturbance of the flow lines 
behind an adhering bacterium yielding a local depletion of the suspension and a “shadow” 
zone of reduced adhesion downstream of an adhering bacterium (5). 
 
Finally, it has been shown that standard deviations over triplicate experiments in the PP flow 
chamber are never better than 20-30% (34), while in the SPFC standard deviations of 10% 
have been observed. Theoretically, accumulated errors in temperature and diffusion 
coefficients, concentration of bacterial suspension, flow chamber dimensions and flow rates 
could account for 10-12% of the variations observed regardless of the type of flow chamber 
involved (35), leaving a discrepancy between theoretically accountable and experimentally 
observed reproducibility in the PPFC. Hypothetically, we attribute the lower reproducibility 
in the PPFC to the fact that mass transport in this system depends much more on chance 
Chapter 2 
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processes like diffusion and collisions between flowing and adhering bacteria than in the SP 
flow chamber, in which mass transport is mostly convection controlled.   
 
It is difficult to give a preference for any of the two flow chamber devices evaluated in this 
chapter, particularly as the adhesion mechanisms seem to differ under different modes of 
mass transport while both modes of mass transport are ecologically relevant. Although the SP 
flow chamber might appear more attractive due to its faster kinetics and higher reproducibility 
of the results, the PPFC poses less specific requirements to transparency of the substrata, and 
yields better image quality. Moreover, flow is homogeneous in the PPFC over large areas, 
which allows to study adhesion over different microscopic fields of view. Also from the 
present results, it can be seen that larger differences are observed in the SPFC than in the 
PPFC for different combinations of strains and substrata, indicating that adhesion in the SPFC 
is strongly interaction controlled. Considering the impact of the methodology on adhesion 
mechanisms, however, it is concluded that the choice for a specific flow chamber should a 
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Microbial adhesion to surfaces is the onset of the development of a biofilm. Biofilm 
formation occurs on all surfaces exposed to an aqueous environment, such as an implanted 
biomaterial or tooth surface in the human body, rocks in rivers, pipelines in water works or on 
ship hulls. The rate of adhesion is determined by the number of microorganisms transported 
to a substratum surface through mass transport processes, like convection, diffusion or 
sedimentation (18,32). In relatively stagnant environments, such as the oral cavity or at 
implanted biomaterial surfaces, convective mass transport, i.e. transport through liquid flow 
of suspended organisms, only plays a minor role and sedimentation and diffusion are the main 
means of mass transport. However, on ship hulls, in rivers or in water works, convective mass 
transport of suspended microorganisms is the major mechanism that controls the rate of 
microbial adhesion. Usually, increased fluid flow towards or parallel to a substratum surface 
results in faster adhesion of microorganisms due to higher mass transport, despite the 
presence of higher fluid shear stresses stimulating their detachment (8). However, when fluid 
flow exceeds a critical limit, resulting wall shear stresses may become high enough to prevent 
adhesion (21,25). For instance, in aqueous solutions wall shear rates of 6000-8000 s-1 were 
sufficient to prevent adhesion of Pseudomonas fluorescens to stainless steel, while wall shear 
rates of 12000 s-1 could remove attached cells. Furthermore, turbulent flow as opposed to a 
laminar regime is known to affect biofilm architecture (36,38). Which flow regime is present 
in the situation under investigation is expressed by the Reynolds number Re, Re > 1400 are 
frequently considered representative for turbulent flow. 
 
The awareness of the importance of hydrodynamic conditions in microbial adhesion to 
surfaces has encouraged the design of different types of flow chambers by various research 
groups over the world. All chambers have been designed to possess a large surface on which 
the hydrodynamic conditions remain constant for a wide range of shear rates. In general, in- 
and outlet conditions and flow chamber geometry dictate the length required for the flow to 
become stable and laminar (27). So it is important that all designs are evaluated for 














































































































































































































































































































































































































































































































































































The parallel plate flow chamber (PPFC) is the most used design (2,4,7,11-
13,16,17,20,24,30,34), evidently because it is conceptually simple. It can be used in 
combination with a broad range of materials, like glass, silicone rubber and dental enamel; 
even metals can be studied when the appropriate microscopic technique is used (31). 
 
Table 1 summarizes the properties and use of four parallel plate flow chambers encountered 
in the current literature on microbial adhesion to surfaces. Within the collection of parallel 
plate flow chambers in Table 1, clear differences in essential dimensions and the design of the 
in- and outlet can be observed. Smooth transitions between the different parts of the chamber 
characterize flow chambers A (15) and B (28), as opposed to flow chambers C (3) and D (23) 
where transitions are more edged. 
 
Considering the increasing use of flow chambers in microbial adhesion research, it is 
important to critically evaluate the different PPFC’s used in microbial adhesion studies on the 
size of the area where the velocity profile is established under a range of flow rates, so that it 
can be used for valid observation. 
 
MATERIALS AND METHODS 
 
Flow chambers. The four flow chambers evaluated are described in Table 1. In the analysis 
of the flow chambers critical sizes of the flow chambers are expressed as a fraction of the 
length (l0), width (w0) and height (h0) as shown in Fig. 1, which resulted in dimensionless 
distances. The Reynolds number for a PPFC is given by  (6,33) 
 Re = η+ )h(w
Q ρ
00
pp   [1] 
with ρ the fluid density [kg m-3], Qpp the volumetric flow rate [m3 s-1], w0 the width [m], h0 
the distance between the parallel plates [m] and η the absolute viscosity. For most aqueous 
fluids, as for example buffers, urine, seawater, and dilute suspensions of bacteria in these 
liquids, the absolute viscosity is around 1 × 10-3 kg m-1 s-1 at room temperature. Reynolds 
numbers up to 1400 represent a laminar velocity profile, with a parabolic velocity profile over 











Figure 1. Dimensions of the flow chambers, as indicated by l0, w0 and h0 and the distance in the 
different directions as indicated by l, w and h. The arrow indicates the direction of the fluid flow. 
 
The hydrodynamic force exerted by the flow on an adhering organism is determined by the 
velocity profile near the wall. This force is proportional to the increase in fluid velocity from 
the surface (where fluid velocity is zero), which is known as shear rate [s-1]. Shear rates can 
be calculated from velocity profiles determined either with particle image velocimetry or 
numerical simulation using 
 σ = (du/dh) [2] 
in which u [m s-1] is the velocity in the direction of the main flow and h [m] is directed 
perpendicular to the substratum surface in a flow chamber. When laminar flow is well 







Q3=σ  [3] 
The hydrodynamic force per unit surface area exposed to a flow is defined as the shear stress 
τw [N m-2], which follows from multiplying the shear rate with the absolute viscosity of the  
fluid involved (19) 
 τw = ησ [4] 
The shear stress should be constant over the area where adhesion is studied. By analyzing the 
velocity profile under relevant shear rates, this can be checked. The actual shear rates 
occurring in various environments where microbial adhesion occurs, are hard to estimate 
reliably, but are important in order to work under the most relevant conditions as presented in 
Table 2, which is a summary of environmental shear rates, as taken from the literature. The 
area of the PPFC where a constant velocity profile is present for these ranges of shear rates 




Table 2. Summary of environmental shear rates, as taken from literature. 
 
Phenomenon Shear rate (s-1) Reference 
Flow of a film over a vertical plate 0.1   5 
Blinking of the eye 0.35  14 
Fluid flow in the oral cavity 0.1 – 50  5 
On teeth, while biting an apple 200  10 
Urinary catheter 15  35 
Channels within a biofilm 60-300   29 
Ship in harbor 50  1 
Ship ‘navigating’ (turbulent flow) 125000  1 
Tumbling or pouring  10-100  5 
 
Numerical simulation of velocity profiles by finite element modelling. The inner geometry 
of each flow chamber shown in Table 1, is modeled in the ANSYS-flotran finite element 
program (version 6.1 ANSYS Inc, Canonsburg PA, USA). 
 
The boundary conditions of the simulation were a fluid velocity at the wall of 0 m s-1 in all 
directions and an atmospheric pressure at the outlet. Density of the fluid and absolute 
viscosity of the fluid at 20 °C were 9.98 × 102  kg m-3 and 1.0 × 10-3 kg m-1 s-1, respectively. 
Uniform inlet velocities were set at 10-4, 10-3, 10-2, 10-1 and 1.0 m s-1 for each simulation with 
the restriction that the Reynolds number did not exceed 1400, ensuring laminar flow 
conditions and environmentally occurring shear rates. Similar uniform inlet velocities, 
however, result in different flow rates for the flow chambers as the cross-sectional surface of 
the flow chambers differs greatly. Flow rates evaluated ranged from 3 × 10-4 up to 25 ml s-1. 
The simulations resulted in three- dimensional velocity profiles, that were used to determine 
the position in the flow chamber where the velocity profile becomes stable and thus is 
established. First, three perpendicular paths were drawn through the center of the PPFC in the 
direction of its length, width and height and the velocity profile in each direction was plotted. 
The velocity profile was assumed to be stable and established when: 
¾ the velocity changes over the length direction do not change more than 1% 
¾ the velocities in height and width direction are less than 1% of the velocity in the length 
direction.  
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The useful surface area of a PPFC is determined by the length, height and width, over which 
flow is stable and established. 
 
Validation of numerical simulation by particle image velocimetry. A Leica TCS SP2 
confocal scanning laser microscope (CSLM) was used for particle image velocimetry. 
Fluorescent polystyrene microspheres (density at 20°C, 1.055 g cm-3, excitation wavelength 
580 nm; emission wavelength 607 nm; diameter 0.97 µm; Molecular Probes, Eugene, Oreg.) 
were suspended in demineralized water to a final concentration of 1 × 107 per ml 
(22,26,29,37). A flow chamber was positioned between two communicating vessels placed at 
different heights and containing the fluorescent particle suspension, to create a pulse-free flow 
by hydrostatic pressure. Fluid was recirculated with a roller pump between the vessels at the 
desired flow rate. Velocity patterns were obtained by capturing images over the height and 
width of the flow chamber by raising and lowering the motorized stage of the microscope or 
moving the stage sideward at a fixed focal depth, respectively. Particles travelling across the 
microscope field of view appeared as dashed lines and the velocity of a particle was 
calculated from the distance between the dashes and the time taken to scan the number of 
frame lines crossed by the particle. The time to scan one line was calculated from the 
scanning frequency of the CSLM and was corrected for the difference in location on the 
scanning line where the particle crossed this line. Images of slowly moving particles were 
captured using a 40× objective at a scan frequency of 100 Hz, while images of faster particles 
were captured at a scan frequency of 400 Hz. 
 
Velocity profiles were determined using particle image velocimetry for flow chambers A and 
B at a flow rate of 0.050 ml s-1, in order to validate the numerical simulation model. The 
numerical simulation model was considered to be valid when shear rates for the bottom plates, 





Comparison of PPFC by numerical simulation of the flow. Velocity profiles in a 
longitudinal cross-section of the channels of the PPFC’s are shown in Fig. 2. In PPFC A (flow 
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Figure 2. Modeled velocity profiles in longitudinal cross section from the inlet to the center of the 
PPFC’s at different volumetric flow rates of 2.333, 0.710, 0.020 and 0.333 ml s-1 for flow chamber A, 
B, C and D, respectively.  
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parallel plates, but becomes stable at approximately 0.20 x l/l0 of the channel length, which is 
evidenced from the constant width of the colors distribution. In PPFC B (flow rate           
0.710 ml s-1) there is also an area with high velocity at the transition to the parallel plates. For 
the flow rate given, a stable flow develops at approximately 0.20 x l/l0 of the channel length. 
The example given for PPFC C (flow rate 0.020 ml s-1) involves the least simulated low flow 
rate, but yet even then the perpendicularly positioned inlet causes a stagnant region opposite 
from the inlet. As a result, stable flow only exists after it has traversed approximately 0.40 x 
l/l0 of the channel length. The in- and outlet design of PPFC D (flow rate 0.333 ml s-1) also 
necessitates a change of flow direction. Consequently, flow also stabilizes rather late in the 
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Figure 3. Flow velocities at a volumetric flow rate of 0.003 ml s-1 in different directions, as derived 
from numerical simulation for PPFC C as a function of the dimensionless 
- length (Fig. 3a), at the center of the flow chamber (0.5 x h0 and 0.5 x w0) 
- width (Fig. 3b), at the center (0.5 x l0 and 0.5 x h0) and 
- height (Fig.3c), at the center (0.5 x l0 and 0.5 x w0). 
Velocities in the direction of the channel (l) are indicated by ●, while sideward (w) velocities are 
given by ▲ and velocity in the direction of the heigth (h) by ■. 
l / l0













































To determine more precisely the area over which flow is stable and established, an analysis 
was made of the velocity profile in the center of the PPFC as a function of the length, height 
and width of the flow chamber. As an example, such graphs are shown in Fig. 3 for PPFC C.  
For a relatively low flow rate of 0.003 ml s-1, there is no flow in the direction of the height 
over the length of the channel, while fluid flow in the direction of the length is constant over a 
major percentage of the channel length (Fig. 3a). However, strong sideward velocities occur 
near the in- and outlet, indicating that the flow is established only between 0.4-0.6 ×l/l0.     
Fig. 3b shows that, at half height, fluid velocity is constant, although slightly a-symmetrical 
due to the in- and outlet design, over a major part of the width of the channel and only the 
areas close to the side walls show a decrease in velocity. Finally, Fig. 3c confirms that a 
parabolic Poisseuille flow develops over the height of the channel. 
 
Velocity patterns as a function of the length, height and width of all flow chambers were 
further analyzed, based on the useful surface area, to obtain a comparison of the different 
designs. Fig. 4 presents the surface areas (normalized to the maximal surface area obtained 
with the lowest simulated flow rate), where a uniform flow had established and valid 
observations can be done, according to the conditions set above. At this point it should be 
noted that the dimensions of the bottom plates of the various flow chambers differ per design 
(see Table 1). PPFC A and B perform well, with valid observations feasible over almost the 
entire bottom plate of the flow chamber, for inlet velocity corresponding to flow rates up to 
2.3 ml s-1 (shear rate 1200 s-1). PPFC B, stops performing well at a slightly higher flow rate 
(6.0 ml s-1, corresponding with a shear rate 2700 s-1) than PPFC A, breaking down at a flow 
rate of around 20.0 ml s-1, corresponding with a shear rate of 10000 s-1. PPFC’s C and D, both 
with in- and outlet positioned perpendicularly, break down at considerably lower flow rates 
than PPFC’s A and B and especially PPFC C breaks down rapidly at a flow rate of 0.2 ml s-1. 















Figure 4. Dimensionless surface areas (A / A0) for which valid observations can be made as a function 
of the volumetric flow rate. Lines are drawn for clarity only and do not indicate any mathematical 
dependency. Open symbols indicate the flow rate for which an absolute surface area for valid 
observations of 1 cm2 remains. 
 
Figure 5. Modeled shear rates as a function of the volumetric flow rate for flow chamber A (●), B 
(▼), C (■) and D (♦) up to the flow rate for which no uniform flow develops anymore in the 
chamber under consideration. Lines indicate the shear rates calculated from Eq. 4. 
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Shear rates. Fig. 5 compares the modeled shear rates in the different PPFC’s at the center, as 
a function of the flow rate applied, together with the shear rates calculated from Eq. 4 for the 
range of flow rates yielding uniform flow in each chamber. The modeled shear rates deviated 
from the shear rates calculated from Eq. 3 for PPFC’s A, B and C (deviations up to 20%). For 
PPFC D, modeled shear rates showed a deviation of up to 75% from calculated shear rates. 
 
 
Validation of numerical simulation by particle image velocimetry. Fig. 6 shows the fluid 
velocities in the center between the in- and outlet in PPFC’s A and B (see Table 1) as a 
function of the dimensionless height (h/h0), i.e. the ratio between the actual distance from the 
plate and the height of the channel, as determined by particle image velocimetry and finite 
element analysis. Both the measured and modeled velocity patterns are parabolic (R2 > 0.97), 




















Figure 6. Fluid velocities as a function of the dimensionless height (h/h0) for flow chambers A  (○,●) 
and B (□,■) at a similar volumetric flow rate of 0.050 ml s-1 as measured with particle image 
velocimetry (open symbols) and calculated with the simulation model (closed symbols). Fluid 
velocities are valid for the center of the flow chambers, i.e. in the middle between the in- and outlet. 
h / h0
















Deviations between the measured and modeled patterns were minor (less than 5 %). In flow 
chamber A, the maximum velocity calculated from simulation at half height (0.5 x h0) was 
lower than experimentally measured, whereas in flow chamber B, the velocities calculated 
from simulations were slightly higher than measured by particle image velocimetry. Shear 
rates at the center of the bottom plate calculated from the measured and modeled velocity 
patterns were 28.6 s-1 and 26.9 s-1, respectively for PPFC A and 21.3 s-1 and 22.2 s-1 for PPFC 
B.  From this comparison, it is concluded that finite element analysis yields valid estimates of 





In this paper, four parallel plate flow chambers used for the study of microbial adhesion have 
been analyzed on a theoretical basis. Numerical simulation and particle image velocimetry 
resulted in comparable velocity profiles, confirming the validity of the data obtained by 
numerical simulation. Due to design features of the different chambers, some of the designs 
appeared extremely limited by the range of flow rates over which a uniform flow developed, 
which is necessary for valid measurement over the bottom plate, where observations of 
microbial adhesion are usually made. 
 
In the design of a flow chamber concessions have to be made quite frequently, due to 
limitations in size, construction material, reuse and flexibility of the substratum and 
eventually the costs of construction. Yet, the design appeared crucial if a flow chamber is to 
be applicable over a wide range of flow rates. Two out of the four designs were clearly flawed 
in the design of the in- and outlet, because of which only a minor fraction of the bottom plates 
could be used for adhesion studies, and then again, only over a limited flow range. To indicate 
the importance of the inlet design, Fig. 7 compares the flow in the inlet of PPFC’s A and D at 
low flow rates, where both chambers perform well, and at the break-down flow rate of each 
flow chamber. The gradual transition in PPFC A results in a area with high fluid velocity, 
which remains located at the same position for high and low flow rates, without affecting the 
establishment of flow in the observation area. At low flow rate in PPFC D, which is 
characterized by the inlet with two sharp edged bends, a Poisseuille flow already develops 






































































































































































































































































































enters the chamber, indicated by changing fluid velocities in the length direction (see the 
irregular color distribution). 
 
Although PPFC A has in- and outlet positioned under an angle, it still allows the largest range 
in shear rate to be used, due to the length of the channel. Herewith PPFC’s A and B cover a 
wide range of the environmentally occurring shear rates (see Table 2). These PPFC’s have 
been used most frequent for study of adhesion of medical strains on contact lenses, teeth, 
catheter materials, but they allow to model situations with higher shear. Except for PPFC C, 
used for study of biofilms in municipal sludge, in which the shear rate is limited to 2.4 s-1, all 
PPFC’s under investigation could be used at flow rates relevant to the oral cavity or other 
systems with low to moderate shear (see also Table 2). For situations with higher shear rates, 
such as in waterworks, urinary catheters or ship hulls, design features of the flow chamber 
become increasingly important.  
 
In conclusion, this study shows that the geometry is critical in the design of a PPFC. The 
design highly affects the region for uniform flow and subsequently observation of microbial 
adhesion. In combination with the length available for establishment of flow, the inlet 
geometry determines whether a flow chamber can be used as a valid model to study bacterial 
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The development of effective, non-toxic marine antifouling coatings is becoming more urgent 
as environmental restrictions to the use of toxic coatings become more stringent (8,15). 
Effective, non-toxic antifouling coatings are thought to have an optimal combination of 
surface hydrophobicity, elasticity and structure (5,17). Bacterial adhesion to surfaces in 
seawater is controlled to a large extent by physicochemical surface properties of substrata and 
bacteria, rather than by biological processes (1,12) and consequently the development of non-
stick surfaces and coatings seems feasible (30,31). As a complicating factor, however, 
surfaces exposed to an environment with dissolved organic solutes, like the marine 
environment, are rapidly covered by a conditioning film as the very first stage of biofilm 
formation (4,24,28) prior to the arrival of bacteria and organisms (9). The exact role of the 
conditioning film on bacterial adhesion is not well understood. It has been proposed that the 
original substratum surface properties shape microfouling events through the intermediary of 
these conditioning films (2,22). This then happens despite the fact that the physicochemical 
properties are usually different than those of the substrata on which they are formed. Different 
analytical methods for determination of the surface chemical composition of marine 
conditioning films showed that proteins, nucleic acids, polysaccharides, lipids, humic acids 
and aromatic amino acids were present in conditioning films after three days of immersion in 
oligotrophic waters (28). Proteins were the first compounds to adsorb, followed by 
carbohydrates and this all occurs prior to adhesion of microorganisms including bacteria, 
microalgae, fungi and protozoa, and detritial matter originating from marine and terrestrial 
sources (9). The time scale in which the composition of the conditioning film becomes 
independent on the substratum surface properties was reported to range from 4 h (20) up to 3 
days (18). Seasonal changes are likely to affect the salinity, pH, temperature and 
concentration of dissolved organic carbon (DOC) and particulate organic carbon in natural 
seawaters, with a possible impact on the conditioning film (6). No studies have been 
conducted, however, on how seasonal changes in the composition of seawater influence 
bacterial adhesion to conditioning films from seawater collected during different seasons.  
 
Therefore the aim of this chapter is to compare adhesion of three marine bacterial strains with 
different cell surface hydrophobicities to conditioning films on glass, adsorbed from natural 
seawater collected during different seasons in a stagnation point flow chamber (SPFC). 
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MATERIALS AND METHODS 
 
Bacterial strains and culture conditions. Three marine bacterial strains were selected with 
different cell surface hydrophobicities, including the motile rod-shaped bacterium 
Marinobacter hydrocarbonoclasticus ATCC 27132, non-motile spherical bacterium 
Psychrobacter sp. strain SW5H and non-motile spherical bacterium Halomonas pacifica 
ATCC 27122. Psychrobacter sp. strain SW5H was isolated from surfboard wax after 
exposure to seawater off Wanda Beach, Sydney (11). To preserve the strains, cultures were 
transferred to beads (TSC, Heywood, UK) and vials were stored at -80°C, from which new 
stock cultures were periodically established. For each adhesion experiment, bacteria were 
precultured from marine agar plates (Difco Marine agar 2216, Le pont de Claix, France) in 
batch culture of artificial seawater (Sigma Sea Salts, Steinheim, Germany, 38.5 g l-1), 
supplemented with 5 g l-1 bacteriological peptone (OXOID, Basingstoke, UK) and 1 g l-1 
yeast extract (OXOID) for 24 h at 30°C, while firmly shaking (rpm 180) to avoid bacterial 
aggregates. These cultures were used to inoculate second cultures which were grown for 16 h. 
Bacterial cells were harvested by centrifugation (5 min at 10000 g) and washed twice with 
artificial seawater. Subsequently, bacteria suspended in natural seawater to a density of 3 × 
108 bacteria ml-1, as determined by optical density (546nm) measurements with a Spectronic 
genesys (Spectronic instruments, USA). The spectrometer was calibrated against a series of 
diluted suspensions with known bacterial density, as determined in a Bürker-Türk counting 
chamber.  
 
Bacterial cell surface characterization. Bacterial cell surfaces were characterized by their 
cell surface hydrophobicities based on water contact angle measurements. Bacteria were 
deposited from artificial seawater on cellulose acetate membrane filters (Millipore, pore 
diameter 0.45 µm), which were positioned on a fritted glass support under negative pressure, 
to produce a lawn of 50-100 stacked bacterial cells. The lawns were rinsed extensively with 
demineralized water after deposition on a filter. The wet filters were fixed on sample holder 
plates with double-sided sticky tape and left to air dry in ambient air until so called “plateau” 
contact angles could be measured, indicated by stable water contact angles over time. 
 
Substratum surfaces and conditioning with seawater. Glass surfaces were cleaned first by 
sponging with 2% Extran MA02 (Merck KgaA, Darmstadt, Germany), followed by sonication 
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during 10 min in 0.5% RBS25 (Fluka Chemie AG, Buchs, Switzerland) and thorough rinsing 
with tap water, methanol, tap water and finally Millipore-Q water to obtain a fully water 
wettable, hydrophilic surface, i.e. a 15 degrees water contact angle. Conditioning films were 
formed on the glass surfaces by immersion in natural seawater at room temperature under 
gentle stirring (30 rpm) for 60 min. As a control, surfaces were also immersed in artificial 
seawater. Seawater was obtained from the Marsdiep near Den Helder, The Netherlands as 
indicated in Fig. 1.  
 
 
Figure 1. The Marsdiep inlet of the Wadden Sea, with sampling locality at the TNO institute indicated 
by an arrow (adapted from Cadée, G. C., and J. Hegeman (7)). 
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Seawater was directly pumped from the entrance of the harbor at a depth of 8 meters and 
filtered prior to storage and use (0.22 µm, Millipore, Ireland). Seawater was stored at 4ºC, not 
exposed to light and continuously aerated with a normal aquarium membrane air pump. Five-
year average values over the period of 1996-2001 on the temperature, salinity, pH, and 
concentration of DOC of the seawater were obtained from www.waterbase.nl, as 
institutionalized by the Dutch Ministry of Transport, Public Works and Water Management. 
The presence of a conditioning film on glass after exposure to seawater was demonstrated by 
water contact angle measurements and X-ray photoelectron spectroscopy for seawater 
collected in September 2002. Conditioned surfaces were dipped once in demineralized water 
before the surfaces were analyzed. For water contact angle measurements the conditioned 
surfaces were dried with nitrogen gas until “plateau” contact angles could be measured. For 
X-ray photoelectron spectroscopy (S-Probe spectrometer, Surface Science Instruments, 
Mountain View, CA, USA), samples were placed in the spectrometer after air-drying and left 
to fully dehydrate in the spectrometer. Scans of the overall spectrum in the binding energy 
range of 1-1200 eV were made at low resolution, then peaks over a 20 eV binding energy 
range were recorded at high resolution for C1s and O1s. Elemental surface compositions were 
expressed as a percentage of the overall elemental composition. 
 
Flow chamber experiments and image analysis. A SPFC was used in this study, as 
described before in detail (10). The SPFC was incorporated between two communicating 
vessels placed at different heights and containing the bacterial suspension, to create a pulse-
free flow by hydrostatic pressure. Fluid was recirculated with a roller pump between the 
vessels. In the SPFC, adhesion in an area 1.1 mm away from the stagnation point was 
observed with a CCD-LDH camera (Philips, Eindhoven, The Netherlands) mounted on a 
dark-field microscope (Leitz) equipped with 50 × objective (Leitz Wetzlar). Live images were 
grabbed with a PC-Vision+ frame grabber (Imaging Technology Inc., Woburn, MA, USA) 
and Sharp filtered. Deposited bacteria were discriminated from the background by single grey 
value thresholding. This yielded binary black and white images on which single bacteria can 
be discriminated and counted (23). The images were subsequently stored on disk for later 
analysis. Experiments were carried out at a flow rate of 0.0088 ml s-1, corresponding with a 
shear rate at the point of observation equal to 22.5 s-1 (13). The total number of adhering 
bacteria per unit area on the conditioned glass surfaces n(t) was recorded as a function of time 
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by image sequence analysis. All experiments were performed at 20ºC in triplicate, with 
separately cultured strains in artificial and natural seawater. 
 
Data analysis and statistical evaluation. The initial deposition rate, j0, describes the affinity 
of a bacterium for a substratum surface and was calculated by linear regression analysis from 
the initial increase of the numbers of adhering bacteria as a function of time and unit area. 
 
A forward multiple linear regression analysis was performed in order to identify the parameter 
of the seawater most predictive for bacterial deposition. The initial deposition rate was used as 
a dependent variable, while the temperature, salinity, pH and concentration of DOC were used 
as explanatory variables. Explanatory variables were checked for correlation, as determined 
with Pearson’s correlation test. All statistical analyses were performed with SPSS for 





Bacterial cell surface characterization. M. hydrocarbonoclasticus was the most 
hydrophobic strain with a water contact angle of 85 degrees. Psychrobacter sp. had an 
intermediate hydrophobicity with a water contact angle of 54 degrees, while H. pacifica was 
the most hydrophilic strain with a water contact angle of 18 degrees (the average standard 
deviation amounts approximately 2 degrees for three separate cultures of each bacterial 
strain). A more detailed surface characterization of the bacterial strains was published before 
(3). 
  
Seawater. Fig. 2 presents the five-year averaged values of the temperature, salinity, pH and 
concentration of DOC in the course of a year in the Marsdiep, The Netherlands. The averaged 
temperature of the seawater fluctuated between 3.5 and 19.9ºC, while the salinity of the 
seawater varied between 21.3 and 32.1 g l-1, but there were no months with clearly elevated or 
lowered salt concentrations. Both pH and concentration of DOC show a peak value in the last 
half of April and the first half of May, respectively.  
 
Substratum surface and conditioning. The presence of a conditioning film on the glass was 
demonstrated by the increase in water contact angle from 15 degrees for bare glass up to 50  
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 a                                                                           b 
 
 c                                                                           d 
Figure 2. Seasonal variation in (a) temperature (ºC), (b) salinity (g l-1), (c) pH and (d) DOC (mg l-1) 
after filtration over the period 1996 up to 2001 at the Marsdiep, Den Helder, The Netherlands. 
 
degrees (standard deviation of 3 degrees over three drops on three separately cleaned 
surfaces) for the glass after one-hour incubation in natural seawater, whereas incubation in 
artificial seawater did not change the water contact angle. Table 1 demonstrates the presence 
of a conditioning film on glass from elemental surface compositions by XPS. A decrease in 
the percentage silicon was observed, indicating coverage of the glass surface by the 
conditioning film. Furthermore, it shows the presence of carbon on the bare glass surface, 
likely due to adsorption of hydrocarbon components from the atmosphere (16). Incubation in 
artificial seawater resulted in slightly higher percentage of carbon on the surface, probably 
due to trace elements in the artificial seawater (< 0.5 mg l-1), whereas conditioning in natural 
seawater resulted in a much more elevated percentage of carbon and nitrogen on the surface, 
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Table 1. Percentage elemental surface composition of bare glass and glass after one-hour incubation 
in natural seawater collected in September 2002, as determined by X-ray photoelectron spectroscopy. 






C 12.0  26.3 45.4 
O 56.9  47.3 32.6 
Si 30.7  21.0 14.1 
N - - 1.8 
Na - 2.2 0.7 
Mg - - 4.4 
Cl - 2.8 0.9 
 
Adhesion experiments. Table 2 presents the initial deposition rates (j0) of all three bacterial 
strains to glass, conditioned with natural seawater collected during different seasons and with 
artificial seawater, as obtained in a SPFC. On average, the initial deposition rates (j0) of the 
bacterial strains to natural seawater conditioned surfaces are smaller than to glass exposed to 
artificial seawater, with a strong decrease for both hydrophilic strains. However, for M. 
hydrocarbonoclasticus, which is the most hydrophobic bacterial strain, the initial deposition 
rates to glass conditioned with seawater collected in January 2002 and June 2002 equal values 
of initial deposition in artificial seawater and even become higher with seawater collected in 
September 2002. Note that for both hydrophilic strains, Psychrobacter sp. H. pacifica the 
lowest initial deposition rate was measured with September 2002 seawater.  
 
Statistical analyses. A forward multiple linear regression analysis demonstrated that the 
concentration of DOC explained most (R2 values of 70%, 77% and 52%) of the variance in 
initial deposition rate for M. hydrocarbonoclasticus, Psychrobacter sp., and H. pacifca, 
respectively. The variables pH, temperature and salinity were of minor importance and on 
average only explained 40%, 6%, and 26% of the variance, respectively. The linear relation 
between initial deposition rates and the concentration of DOC, as the variable with highest 
explanatory value, is presented in Fig. 3. Initial deposition rates of Psychrobacter sp. and H.  
pacifica, the two most hydrophilic strains employed, increased with an increasing 
concentration of DOC, while the initial deposition rate M. hydrocarbonoclasticus decreased 
with increasing concentration of DOC. 
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Table 2. Experimental initial deposition rates (j0, cm-2 s-1) for three marine, bacterial strains to glass 
conditioned in artificial seawater or seawater collected during different seasons in a stagnation point 
flow chamber a. 
 




H. pacifica  
ATCC 27122 
Seawater collection 
j0 j0 j0 
Artificial seawater 1649  ± 118 2619  ± 149 2231  ± 213 
9th September 2001 1210  ± 77 1277  ± 151 813    ± 82 
15th January 2002 1699  ± 177 1121  ± 77 1004  ± 150 
23rd April 2002 623   ± 126 1432  ± 218 1051  ± 180 
23rd June 2002 1519  ± 150 1220  ± 61 1202  ± 70 
24th September 2002 1880  ± 217  660   ± 36 750    ± 45 
aAll experiments were done in triplicate (± denotes the standard deviation over three experiments with 





This chapter shows the effect of different concentrations of DOC present in seawater collected 
in different seasons from the Marsdiep on bacterial adhesion to a conditioning film on glass in 
a SPFC. A SPFC was used because it yields faster kinetics and a generally better 
reproducibility than a PPFC (32). Moreover, it has been suggested that due to a different 
mode of mass transport, adhesion in the SPFC is more interaction controlled than in the PPFC 
(3). In the SPFC, even a one-hour conditioning film from natural seawater reduced adhesion 
of three marine bacterial strains. Conditioning films generally form quickly, prior to the 
relatively slow adhesion of bacteria. It has been demonstrated, for instance, that it takes at 
least 24 h, with the concentrations of bacteria present in the seawater, to achieve ≥103 bacteria 
per cm-2 (9,14). Note that the development of a mature marine biofilm (21), comprising not 
only the conditioning film and microorganisms but also diatoms, algae and marine 
invertebrates, takes much longer. 
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Figure 3. Initial deposition rates (cm-2 s-1) of M. hydrocarbonoclasticus (□), Psychrobacter sp. SW5H 
(   ) and H. pacifica (○) as a function of DOC (mg l-1). The significance level of the correlation is 
indicated by the p-value. DOC values for artificial seawater are assumed to be 0.  
 
 
Incubation in natural seawater made glass more hydrophobic, which is in accordance with 
earlier reports indicating that the hydrophobicity of hydrophobic surfaces decreased upon 
incubation in seawater, whereas a slight increase in hydrophobicity was observed for 
hydrophilic surfaces (19,27). As hydrophobic bacteria have a preference to adhere to 
hydrophobic surfaces (1), the presence of a conditioning film on glass reduces adhesion of 
hydrophobic bacteria less than of more hydrophilic strains (see Table 2).  
 
Multiple linear regression analysis showed that the concentration of DOC in seawater is the 
main determinant for reduction in deposition rates of the bacterial strains. DOC is associated 
with dissolved proteins, polysaccharides, humic acids, nucleic acids, polysaccharides and 
aromatic amino-acids which were also present in conditioning films after 3 days immersion in 
oligotrophic waters (28). Peaks in pH and DOC in the Marsdiep are related to blooms of 
phytoplankton and were found respectively around and one month after the phytoplankton 
peak. The photosynthetic activity, for which the plankton uses carbon dioxide, moves the 
equilibrium in the seawater towards higher pH. The peak in concentration of DOC was found 
after the bloom, which indicates that not the secretion products of the plankton were a reason 
DOC (mg l-1)
























































for the DOC peak but rather the autolysed cells (6). It was confirmed by our XPS data that 
these organic compounds and proteins from the lysed cells simultaneously form a 
conditioning layer on the glass within one-hour. This is in contradiction with the results of 
Compère et al. (9), who concluded that proteins adsorb before carbohydrates. Carbon in the 
conditioning film possibly originated from carbohydrates, but also of the presence of fatty 
acids as these could account up to 4% of the DOC in natural waters, mainly originating from 
phytoplankton autolysis (29). 
 
The observation that the concentration DOC in sea water has a direct influence on bacterial 
adhesion to conditioning films, probably indicates that the properties of the conditioning film 
depend in part on DOC concentration in seawater. Pratt-Terpstra et al. (25,26) already 
demonstrated that conditioning films may differ in composition, thickness, and degree of 
surface coverage. Conditioning films from seawater on stainless steel were also found, after 
24 h of exposure, to cover the surface only partly and unconditioned areas of stainless steel 
were still present (9). Higher concentrations of DOC in seawater likely speed up the formation 
of a more contiguous, fully covering conditioning film, with the degree of coverage and 
thickness of the film impacting bacterial adhesion. 
 
In conclusion, the seasonal variation in DOC as occurring in natural seawaters has a great 
influence on the adhesion of bacteria to conditioning films formed by adsorption from natural 
seawaters. Initial adhesion of bacterial strains to the marine conditioning film was reduced, as 
compared with adhesion to glass exposed to artificial seawater. Deposition rates correlated 
positively with the concentration of DOC in seawater for two hydrophilic strains and 
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Marine structures like buoys, ships and oilrigs are covered with a fouling layer, consisting of 
a combination of micro- and macroorganisms, like diatoms, algae and marine invertebrates. 
Fouling by marine organisms is a serious problem because it adds frictional resistance and 
therefore decreases the performance of marine transport (30). In addition, fouling can 
penetrate corrosion protection with detrimental effects on marine constructions. Antifouling 
coatings on surfaces exposed to the marine environment have been based until recently on the 
slow release of tributyltin and cuprous oxides. Environmental restrictions dictate non-toxic 
fouling control in marine environments and consequently a variety of different, mostly 
hydrophobic coatings are currently under development. 
 
Fouling in a marine environment starts with the adsorption of conditioning film components, 
such as ions, biopolymers and organic matter (29) to a substratum surface, after which 
microorganisms adhere. Microfouling is then followed by macrofouling, i.e. adhesion and 
growth of diatoms, protozoa, microalgae, invertebrates and seaweed. Although macrofouling 
constitutes the major reason for cleaning of marine exposed surfaces, including ships, the 
microfouling actually contacts the surface and provides a link (9) between a substratum and 
the macrofouling. Consequently, it can be expected that discouraging microfouling, will have 
an impact on macrofouling (37). 
 
Low surface tension coatings have been demonstrated to show little fouling and both in the 
human oral cavity (27) as well as in the oropharynx (16), biofilm formation on hydrophobic 
surfaces is far less than on more hydrophilic surfaces. The efficacy of polydimethylsiloxanes 
in marine antifouling coatings (7) is thought to be mediated through a combination of a low 
surface tension and mechanical properties. Electrostatic surface properties are of little 
importance in the marine environment due to the high ionic strength of seawater.  
 
Mechanical properties of collector surfaces, including their elastic modulus, have not yet been 
extensively studied with regard to bacterial adhesion. For marine invertebrates, the elastic 
modulus and surface tension were found to correlate with their adhesion, in a similar way as 
described for crack propagation in fracture mechanics of bioadhesives (7). Griffith (17) 
developed a criterion for crack propagation of an elliptical crack in brittle materials on the 
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basis of an energy balance comprising the elastic strain energy and surface tensions. Kendall 
(24) derived a similar expression for an elastomeric film, with a thickness of the film 
exceeding the radius of the area of contact.  When subjected to a normal force, the critical 
force Fc for crack propagation was described as 





γπ  [1] 
in which E is the elastic modulus of a material and γ is the materials surface tension, a is the 
contact radius and ν the Poisson’s ratio, which is the ratio of the transverse-direction 
contraction strain to the elongation strain. 
 
In a parallel plate (PP) flow chamber, mass transport is through convective-diffusion, whereas 
in a stagnation point (SP) flow chamber mass transport is mainly through convection. These 
different modes of mass transport have been described to affect bacterial adhesion 
mechanisms (3,46). The formation of a joint between a bacterium and a substratum surface is 
the opposite process of fracturing, but nevertheless also involves deformation of the 
interacting surfaces. The degree of deformation will depend on whether bacteria are 
transported by convective-diffusion toward a collector surface yielding gentle collisions 
between bacteria and the collector, or whether convective mass transport is directed toward 
the collector surface. 
 
Therefore, the aim of this chapter is to determine the relative importance of collector surface 
tension and elastic modulus in bacterial deposition to polyurethane coatings under different 
mass transport conditions in a PP and SP flow chamber. 
 
 
MATERIALS AND METHODS 
 
Bacterial strains and culture conditions.  Three marine bacterial strains were selected with 
different cell surface hydrophobicities, including the motile rod-shaped bacterium 
Marinobacter hydrocarbonoclasticus ATCC 27132, non-motile spherical bacterium 
Psychrobacter sp. strain SW5H and non-motile spherical bacterium Halomonas pacifica 
ATCC 27122. Psychrobacter sp. strain SW5H was isolated from surfboard wax after 
exposure to seawater off Wanda Beach, Sydney (13). To preserve the strains, cultures were 
Chapter 5 
 89
transferred to beads (TSC, Heywood, UK) and vials were stored at -80°C, from which new 
stock cultures were periodically established. For each adhesion experiment, bacteria were 
precultured from marine agar plates (Difco Marine agar 2216, Le pont de Claix, France) in 
batch culture of artificial seawater (Sigma Sea Salts, Steinheim, Germany, 38.5 g l-1), 
supplemented with 5 g l-1 bacteriological peptone (OXOID, Basingstoke, UK) and 1 g l-1 
yeast extract (OXOID) for 24 h at 30°C, while firmly shaking (rpm 180) to avoid bacterial 
aggregates. These cultures were used to inoculate second cultures which were grown for 16 h. 
Bacterial cells were harvested by centrifugation (5 min at 10 000 × g) and washed twice with 
artificial seawater. Subsequently, optical density was measured (546nm) with a Spectronic 
genesys (Spectronic instruments, USA) and the bacteria suspended in artificial seawater to a 
density of 3 × 108 bacteria ml-1, after calibration the absorbance scale by measuring the 
absorbances of a series of diluted suspensions with known bacterial density, as determined in 
a Bürker-Türk counting chamber.  
 
Cell surface characterization. Bacterial cell surfaces were characterized by their cell surface 
hydrophobicities based on water contact angle measurements, while in addition contact angles 
with formamide, α-bromonaphthalene and methyleneiodide were measured to derive their 
surface tensions (42). Bacterial lawns were deposited from seawater on cellulose acetate 
membrane filters (Millipore, pore diameter 0.45 µm) which were positioned on a fritted glass 
support under negative pressure. The lawns were rinsed by washing extensively with 
demineralized water after deposition on a filter. The wet filters were fixed on sample holder 
plates with double-sided sticky tape and left to air dry in ambient air until so called ‘plateau’ 
contact angles could be measured, indicated by stable water contact angles over time. Surface 
tension values γsv were calculated on the basis of contact angles with all four liquids using the 
concept of Lifshitz-Van der Waals / acid-base components (41,43,44)  
 ABsv
LW
svsv γ+γ=γ  [2] 
in which the acid-base component γAB is composed of an electron-acccepting ( +γ sv ) and 
electron-donating parameter ( −γ sv ) 
 −+ γγ=γ svsvABsv 2  [3] 
 
In a detailed analysis of the origin of cell surface hydrophobicity, Van Oss concluded that 
electron-donicity is the basis for surface hydrophobicity (40). 
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Note at this point, that the Kendall-Griffith relation as given by Eq. (1), does not distinguish 
Lifshitz-Van der Waals/acid-base surface tension components, but solely describes the 
fracture process in terms of the total surface tension of fracture surfaces. Zeta potentials in 
artificial seawater were determined as a measure for the bacterial net surface charge. For zeta 
potential measurements, (20) bacteria were washed twice and resuspended in artificial 
seawater to 1 × 108 ml-1. The electrophoretic mobilities on aliquots of these suspensions were 
measured at 150 V in a Lazer Zee Meter 501 (PenKem, USA), that uses the scattering of 
incident laser light to detect the bacteria at relatively low magnification. The mobility of the 
bacteria under the applied voltage was converted to apparent zeta potentials according to the 
Helmholtz-Von Smoluchowski equation (19). All cell surface characterization measurements 
were done in triplicate with separately cultured strains. 
 
Collector surfaces.  Glass surfaces were cleaned first by sponging with 2% Extran MA02 
(Merck KgaA, Darmstadt, Germany), followed by sonication during 10 min in 0.5% RBS25 
(Fluka Chemie AG, Buchs, Switzerland) and thorough rinsing with tap water, methanol, tap 
water and finally Millipore-Q water to obtain a fully water wettable, hydrophilic surface, i.e. a 
zero degrees water contact angle.  
 
Polyurethane coatings with different hydrophobicity and elastic modulus were applied on the 
glass plates. These glass plates were degreased before the application of the polyurethane 
coating by sonication during 15 min in an alkaline solution (Gardoclean T5253, Chemetall, 
Milton Keynes, UK). After drying in ambient air, the glass surface was silanized for good 
adherence of the polyurethane film by immersion for 30 min in a solution of 0.1 g Silquest A-
1100 (Witco, Meyrin, Switzerland) in 75 ml isopropanol and 25 ml 1-butanol. The reaction of 
a branched, hydroxy group containing polyester Desmophen 650 MPA-65 (Bayer, Pittsburg, 
USA) and an aliphatic polyisocyanate based on hexamethylenediisocyanate (HDI) Desmodur 
N75 yielded hard coatings, denoted ‘650’ coatings. The ‘670’ coatings, of lower elastic 
moduli, were obtained by the reaction of a weakly branched, hydroxy group containing 
polyester Desmophen 670 BA-80 and Desmodur N75. In order to change the hydrophobicity 
of the coatings, Fluowet EA 600 (Clariant, Frankfurt am Main, Germany) was added to the 
Desmodur N75 prior to addition of Desmophen, up to 5.4 mol% and 8.4 mol% in ‘670F’ and 
‘650F’, respectively. The reaction of Fluowet EA 600 with Desmodur N75 was allowed to 
proceed for 2 h at 40°C in an inert atmosphere. Desmophen was added after cooling to room 
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temperature. Coatings were applied with a doctor blade for samples used in the PP flow 
chamber or by spin-coating for experiments in the SP flow chamber and annealed at 50°C for 
24 h, yielding coatings with a thickness of 30 ± 5 µm and 6 ± 2 µm, respectively. 
 
Polyurethane surface characterization. Coatings were characterized for their surface 
tensions using contact angles, as described above for bacterial cell surfaces, while the elastic 
modulus of the coatings was assessed by measuring their indentation hardness with atomic 
force microscopy (AFM) (36). The Hertzian model (18,35) was used to deduce the Young’s 
modulus from the measured force-distance curves. Force-distance curves were measured in 
air with a Nanoscope III AFM (Digital Instruments, Santa Barbara, CA) with tapping mode 
etched silicon probes (Nanosensors, Norderfriedrichskoog, Germany). The spring constant 
was 45.7 N m-1, as calibrated by the added mass method (10) and was within the range given 
by the manufacturer (26-57 N m-1). Individual force curves with z-displacements of 100-200 
nm were collected at z-scan rates ≤ 1 Hz. The slope of the retraction curve in the region where 
probe and sample are in contact was used to convert the position sensitive detector voltage 
into cantilever deflection d vs. position of the piezo z normal to the surface.  
 
To obtain a force-indentation curve, d and z have to be converted into force and distance. The 
force F is obtained by means of Hooke’s relationship i.e. by multiplying the deflection of the 
cantilever with its spring constant. For a tip much stiffer than the sample surfaces, the 
indentation δ can be calculated by subtracting the deflection d from the position z of the 
piezo-stage. The point of first contact was set at 0 and corresponds with the snap-in point 
when the tip jumps into contact with the surface. The data gathered in this way were analyzed 
with the Hertz mechanical model adapted to the geometry of the tip-sample system (35) and 
surface elastic moduli were calculated from the following equation: 
 δν−= a1
E2F 2  [4] 
where E and ν are the elastic modulus and Poisson’s ratio of the sample respectively and a is 
the tip apex radius. The Poisson’s ratio for glass is 0.2 and for the polyurethanes the ratio was 
taken 0.4 (36). The radius of the tip apex was determined by high resolution scanning electron 
microscopy to be 5 nm. 
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X-ray photoelectron spectroscopy (XPS) was performed using a S-Probe spectrometer 
(Surface Science Instruments, Mountain View, CA, USA) equipped with an aluminium anode 
(10 kV, 22 mA) and a quartz monochromator. The direction of the photoelectron collection 
angle was 55° with the normal to the sample and the electron flood gun was set at 10 eV. A 
survey scan was made with a 1000 × 250 µm spot and a pass energy of 150 eV. Detailed 
scans of the C1s, O1s, N1s lines were obtained using a pass energy of 50 eV. Binding energies 
were determined by setting the binding energy of the C1s component due to the carbon-carbon 
bond at 284.8 eV. The experimental peaks were integrated after nonlinear background 
subtraction and the peaks were decomposed assuming a Gaussian/Lorentzian ratio of 85/15 by 
using the SSI PC software package. Elemental surface compositions were expressed as a ratio 
of the percentage element over the percentage carbon.  
 
Flow chamber experiments and image analysis.  Stagnation point and parallel plate flow 
chambers were used in this study, as described before in detail (12,34). A flow chamber was 
incorporated between two communicating vessels placed at different heights and containing 
the bacterial suspension, to create a pulse-free flow by hydrostatic pressure. Fluid was 
recirculated with a roller pump between the vessels. For the PP flow chamber, deposition was 
observed in the center of the bottom plate with a charge coupled device camera (CCD-
MXR/5010, High Technology, Eindhoven, The Netherlands) mounted on a phase contrast 
microscope (Olympus BH-2), equipped with a 40 × ultra-long working distance objective 
(Olympus ULWD-CD Plan 40 PL). For the SP flow chamber, deposition in an area 1.1 mm 
away from the stagnation point was observed with a CCD-LDH camera (Philips, Eindhoven, 
The Netherlands) mounted on a dark-field microscope (Leitz) equipped with 50 × objective 
(Leitz Wetzlar). Live images were grabbed with a PC-Vision+ frame grabber (Imaging 
Technology Inc., Woburn, MA, USA) and sharp filtered. For both systems, deposited bacteria 
were discriminated from the background by single grey value thresholding. This yielded 
binary black and white images which were subsequently stored on disk for later analysis. 
Experiments were carried out at a flow rate of 0.050 ml s-1 for the PP and 0.0088 ml s-1 for the 
SP flow chamber, corresponding with a common shear rate of 22.5 s-1 and a common Péclet 
number of 1.05×10-3 (15,22). The Reynolds numbers for the PP and SP flow chamber were 
1.3 and 2.6, respectively, well within the limits for laminar flow. Before each experiment, the 
collector surfaces were conditioned with artificial seawater for 15 min. The total number of 
adhering bacteria per unit area n(t) were recorded as a function of time by image sequence 
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analysis. All experiments were performed at 20°C in triplicate, with separately cultured 
strains. 
 
Data analysis. The initial deposition rate, j0, was calculated directly by linear regression 
analysis from the initial increase of the numbers of adhering bacteria as a function of time. 
The j0 describes the affinity of a bacterium for a collector surface and can also be theoretically  
calculated using a variety of different approximate solution schemes (2,6). The Von 
Smoluchowski-Levich approximate solution gives a theoretical upper limit for the deposition 
rate in both flow chambers under the experimental conditions employed. The equations 
necessary to calculate the deposition rates in the Von Smoluchowski-Levich approximation 
together with the Reynolds number for both flow chambers are summarised in Table 1.  
 
Statistical analysis.  A Student-t test was used to evaluate the significance of the differences 
observed, accepting statistical significance at p < 0.05. 
 
 
Table 1. Equations for mass-transport in the PP and SP flow chambers, including the Péclet number  
Pea, the initial deposition rate j0* according to Von Smoluchowski-Levich, the wall shear rate σ (15,22) 
and Reynolds number Re (5,11,45).  
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a The approximate equation for the Pe number is only valid for this specific SP. 
Nomenclature: Vm, mean particle velocity in a flow chamber; a, particle radius; b, half depth of a 
parallel plate flow chamber; Qpp and Qsp, flow rate; D∞, particle diffusion coefficient; w, width of the 
flow chamber; ν, kinematic viscosity; r, longitudinal distance from the stagnation point; R, aperture 
radius of the SP flow chamber; x, the longitudinal distance from the parallel plate flow chamber 
entrance; c, particle concentration; αs, a constant that can be calculated numerically, which depends on 
the Reynolds number and geometry of the system and ρ the fluid density. 
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Table 2. Contact angles on (a) the different bacterial strains employed in this study with water (θw), 
formamide (θF), methyleniodide (θM) and α-bromonaphthalene (θα-Br), together with corresponding 
surface tension ( svγ ) and their apolar or Lifshitz-Van der Waals ( LWsvγ ) and polar or acid-base ( ABsvγ ) 
components which can be separated in a electron-donating ( −γ sv ) and electron-accepting ( +γ sv ) 
parameter. Each contact angle is the mean of three drops on three independently prepared bacterial 
lawns, yielding an average standard deviation of 2 degrees, while for surface tensions the average 
standard deviation was 1.0 mJ m-2. 
 
 Contact angle (degrees) Surface tension and components (mJ m-2) 
Bacterial strain θW θF θM θα-Br LWsvγ  ABsvγ  −γ sv  +γ sv  svγ   
M. hydrocarbonoclasticus 
ATCC 27132 
85 101 75 47 25.8 0 0 0 25.8 
Psychrobacter sp. SW5H 
 
54 39 74 51 25.1 19.7 22.4 4.4 45.0 





Figure 1. Typical force-indentation curves measured using AFM on the different polymeric coatings 
and on glass (650, ○; 650f, ▼; 670,     ; 670f, ■; glass, ●).  
indentation (nm)





















Bacterial cell surface characterization. Table 2 summarizes the contact angles measured on 
the different bacterial strains and the resulting surface tensions ( svγ ) and their Lifshitz-Van 
der Waals and acid-base components. M. hydrocarbonoclasticus was the most hydrophobic 
strain with a water contact angle of 85 degrees and a surface tension of 25.9 mJ m-2.  
Psychrobacter sp. had an intermediate hydrophobicity with a water contact angle of 54 
degrees and a surface tension of 45.0 mJ m-2, while H. pacifica was the most hydrophilic 
strain with a water contact angle of 18 degrees and a surface tension of 55.1 mJ m-2. Note that 
the surface tension divides the bacterial strains employed in a low, intermediate and a high 
surface tension one and that this division ranks the strains in a similar order than could be 
obtained on the basis of electron-donicity. Bacterial cell surface charges were effectively 
shielded by counter-ions in artificial seawater and zeta potentials of all strains were 
essentially zero, ranging from -1 up to 0 mV.  
 
Polymer surface characterization.  Table 3 presents the contact angles on glass and the four 
polyurethane coatings together with their surface tensions and the Lifshitz-Van der Waals and 
the acid-base components, the elastic moduli and elemental surface concentration ratios. 
Glass is extremely hydrophilic and water showed complete spreading, while the surface 
tension was highest (56.2 mJ m-2) of all collector surfaces employed with a substantial 
contribution of the acid-base component. Two polyurethane coatings were more hydrophilic 
with water contact angles of 75 and 69 degrees and corresponding surface tensions of 44.9 
and 43.5 mJ m-2, which is mainly due to the Lifshitz-Van der Waals component, as acid-base 
components are all close to 0 mJ m-2. The fluoridated coatings were most hydrophobic with 
water contact angles of 108 and 112 degrees, and surface tensions well below 20 mJ m-2. 
Force-indentation curves, from which the elastic moduli in Table 3 are derived, are presented 
in Fig. 1. Analysis of the curves by the Hertzian model resulted in elastic moduli on the 650 
coatings of 1.9 GPa independent of fluoridation, whereas the 670 coatings showed significant 
different elastic moduli of 1.6 and 1.5 GPa for non-fluoridated and fluoridated coatings, 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































  a                                                                               b 
  
Figure 2. (a) Electron binding energies for ‘650F’ applied on glass with identification of the electron 
binding energies. (b) C1s binding energies of ‘650F’ applied on glass, with the carbon atoms involved 
in different bonds indicated.  
 
X-ray photoelectron binding energies for coating ‘650F’ are shown in Fig. 2a and a more 
detailed spectrum of the C1s peak is given in Fig. 2b. Peaks are located at 284.8 eV for the 
carbon-carbon bond, its constituting peaks at 286.1 eV for the single carbon-oxygen bond, at 
289.0 eV for the amide binding, at 291.7 eV for the carbon-fluorine bond and at 294.0 eV for 
the carbon bonded with two fluorine atoms. XPS analysis furthermore shows that the O/C 
ratio for non-fluoridated coatings were slightly higher than of the fluoridated ones (0.28 and 
0.19, respectively), suggesting substitution of oxygen by more hydrophobic fluorine atoms at 
the surface. Hard coatings had significantly higher N/C ratios than in the coatings of lower 
elastic moduli (0.14 and 0.09, respectively). 
 
Deposition experiments.  Table 4 presents the initial deposition rates of all three bacterial 
strains for the different coatings in the SP and PP flow chamber. Deposition rates differ 
greatly in both flow chambers and on average, initial deposition rates were 1.8 times higher in 
the SP flow chamber than in the PP flow chamber for all strains. Furthermore, initial 
deposition rates vary over a broader range in the SP (460-2619 cm-2 s-1) than in the PP (238-
1290 cm-2 s-1) flow chamber. Only for the 670 coating, with a lower elastic modulus, 
however, initial deposition rates are similar in both flow chambers for all strains. Theoretical 
upper limits calculated using the Von Smoluchowski-Levich approach were for the PP flow 
chamber (826 cm-2 s-1) and the SP flow chamber (3472 cm-2 s-1) and were used to calculate 



































differ significantly in both flow chambers and change in different ways, using other coatings, 
indicating that different adhesion mechanisms are operative. The kinetics of microbial 
adhesion can however be different from the one of inert particles as used in the Von 
Smoluchowski-Levich approach, amongst other reasons due to the presence of structural 
surface features such as fibrils and fimbriae, cell surface heterogeneities or biosurfactant 













Figure 3. (a) Averaged bacterial deposition efficiencies on the different coatings and glass for 
deposition in the PP (●) and SP (▲) flow chambers as a function of the Griffith-Kendall parameter 
√(Eγ) 
































Figure 3 (continued). Averaged bacterial deposition efficiencies on the different coatings and glass 
for deposition in the PP (●) and SP (▲) flow chambers as a function of (b) surface tension γ, (c) 
elastic modulus E. 
E (GPa)















































Correlations.  In order to eliminate the influence of bacterial cell surface tension and to 
estimate the relative importance of the collector surface tension and elastic modulus in 
bacterial deposition as occurring in the different flow chambers, we have calculated an 
average deposition efficiency for all three bacterial strains (note that the three strains 
employed, encompass almost the entire spectrum of possible bacterial surface tension values). 
Accordingly, Fig. 3 shows that the Griffith-Kendall parameter √(Eγ), as occurring in Eq. 1 
does not correlate significantly with the average deposition efficiency in the SP flow chamber, 
but a significant correlation was observed for the data obtained in the PP flow chamber with 
an r2 value of 0.81. This indicates that 81 % of the variance in initial deposition rates can be 
explained by fracture mechanics when applied to bacterial adhesion to surfaces. Similarly, a 
high correlation was observed for the PP flow chamber data between surface tension and 
initial deposition rates (r2 value 0.91). A correlation between surface tension and initial 
deposition rates was absent in the SP flow chamber (r2 value of 0.23).  Alternatively, an 
influence of the elastic modulus, as a single parameter on initial deposition rates was fully 
absent in the PP flow chamber (r2 equals 0.13), whereas in the SP flow chamber deposition 





In this chapter, the effects of collector surface tension and elastic modulus on adhesion of 
three marine bacteria were compared for a parallel plate and stagnation point flow chamber. 
The surface chemistry could be regulated in such a way that coatings were made with 
different elastic modulus and similar surface tension. Adjustment of the surface tension was 
possible by incorporating fluorine moieties in the polymer, as evidenced by the XPS data. 
Furthermore, XPS measurements indicated the presence of carbon on the pristine glass 
surface, likely due to adsorption of hydrocarbon components from the atmosphere (23,31).  
For determination of correlation between bacterial deposition and surface tension and elastic 
modulus we have employed an average initial deposition rate, i.e. a deposition rate obtained 
after averaging the deposition rates of the high, intermediate and low surface tension strains. 
This was done in order to rule out effects of bacterial surface tension on the analysis, while as 
an additional advantage also intervening influences of specific structural and chemical 
heterogeneity of the bacterial cell surfaces was averaged out. Previously, surface 
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thermodynamic analyses of bacterial deposition have shown sensitivity to these types of cell 
surface properties and have impeded observation of clear relations (4). 
 
The elastic modulus and surface tension were reported to be of great importance in fouling of 
marine organisms to surfaces, and reportedly obeyed the Griffith-Kendall theory on fracture 
mechanics (17,24). Similarly in this study, clear effects of the surface elastic modulus in the 
SP and surface tension in the PP flow chamber on bacterial deposition were observed. The 
Kendall-Griffith square root dependence of deposition on √(Eγ) as observed for marine 
invertebrates was only seen in the PP flow chamber, however. Evidently, though fracturing 
may seem like a process completely opposite to adhesion, there are some principle differences 
between adhesion and fracturing, depending on the mode of mass transport. For instance, 
adhesion involves compression of the coating and possibly also of the bacterial cell surface, 
whereas fracturing involves stretching. As a similarity between both processes, both are 
associated with deformation of the interacting surfaces with dissipation or absorption of 
elastic energy. Coatings with extremely low surface tension appeared to be most attractive for 
bacteria with a similarly low surface tension, which is in agreement with the surface 
thermodynamics according to the approach of Absolom et al. (1). Bacteria, with a high 
surface tension adhered preferably to coatings with high surface tension, as also observed 
before for oral streptococci and explained thermodynamically in an approach allowing surface 
tensions to exceed the one of water (38).  
 
Surface elastic modulus correlated with bacterial deposition in the SP flow chamber and 
deposition was lower for surfaces of lower elastic moduli, similar to the effects seen with 
bioadhesives in marine invertebrates. The convective flow in the SP flow chamber is 
perpendicular to the surface and deflects near the surface to become parallel to the surface 
again. Previously (3), we hypothesized that bacteria thus gain a momentum toward the surface 
yielding ‘high energy collisions’. In the PP flow chamber collisions are caused by relatively 
‘slow’ diffusion, resulting in gentle, ‘low energy collisions’ between bacteria and the collector 
surface. High energy collisions in the SP flow chamber were subsequently assumed to cause a 
rebound effect due to the dissipation of elastic energy during or after collision which resulted 




This hypothesis is hard to prove, however. Firstly, proof requires demonstration of bacteria 
moving out of their streamlines toward the substratum surface, which is not a priori likely 
because their density almost equals the density of water. Yet, experiments in the PP flow 
chamber (33) comparing bacterial deposition to the top and bottom plate, showed significant 
differences in deposition between the top and bottom plate due to sedimentation. 
Conclusively, it is not unreasonable to assume that bacteria may move out of their streamlines 
to obtain a velocity component toward the surface in the SP flow chamber. Secondly, the 
force required for a bacterium-sized object to deform a polyurethane surface with a low 
elastic modulus by more than 1 nm is bigger than 1 µN, as can be calculated using Eq. 4. The 
fluid force on a bacterium-sized object near the surface at a shear rate of 22 s-1 is roughly 1 x 
10-13 N, which is seven orders of magnitude too small to create a significant indentation. Yet, 
significant deformations of polyurethane coatings have been observed by scanning electron 
microscopy caused by adhering glass and polystyrene particles (28) and it has been 
recognized (25) that adhesion induced stresses could be large enough to exceed the elastic 
limit of at least one of the contacting areas. Measurements on contact radii between 
homogeneous combinations of macroscopic rubber and gelatine spheres revealed that both 
compressive and tensile interactions contribute to the size of the contact radius (21). It should, 
however, be noted that these phenomena have never been observed or suggested to exist for 
relatively soft bacterial cell surfaces (26,39), although at a nanoscopic level atomic force 
microscopy has indicated unexpectedly low elastic modulus for surface coatings (14). 
 
Summarizing, this study describes an influence of surface tension and elastic modulus on 
bacterial deposition in a fracture mechanical analysis. The influence of surface tension exists 
predominantly for deposition in the PP flow chamber and is largely in line with surface 
thermodynamics, predicting that low surface tension bacteria should adhere preferentially to 
low surface tension surfaces and vice versa. The effect of the elastic modulus on bacterial 
adhesion was most pronounced during mass transport toward a collector surface in the SP 
flow chamber, and absent for convective mass transport, like in the PP flow chamber, in 
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Biofilms pose serious problems in many different environments, ranging from the human 
body to the marine environment. Regardless of its environment, biofilm formation 
commences with the adsorption of a conditioning film, to which the first arriving bacteria 
subsequently adhere. In the marine environment, seasonal changes affect the chemical 
composition of the conditioning films formed through the adsorption of proteins, lipids, 
humic acids, nucleic acids, polysaccharides and aromatic amino acids. Marine organisms 
adhere better to conditioning films formed in the spring than to films formed in the winter, as 
spring films contain greater amounts of proteins and organic carbon  (2).  
 
Along with changes in chemical composition of a substratum surface after conditioning film 
formation (3,8,11), physicochemical properties of the surface such as its hydrophobicity,  
roughness, charge and elasticity may alter (1). Although many studies have shown 
relationships between substratum hydrophobicity, charge or roughness with bacterial 
adhesion, it is still hard to understand how the multiple changes brought by the adsorption of 
a conditioning film impact bacterial adhesion. Conditioning films adsorbed from tear fluid on 
contact lenses changed the surface properties due to presence of proteinaceous material. 
Multiple linear regression analysis using the elemental surface composition, presence of 
proteins, surface hydrophobicity and surface roughness as input subsequently demonstrated 
that adhesion of Pseudomonas aeruginosa could be described by the hydrophobicity, surface 
roughness, percentage oxygen and nitrogen, O=C/O-C ratio and the presence of proteins on 
the surface (4). The complexity of the changes brought about by the adsorption of a 
conditioning film and our lack of understanding its impact on bacterial adhesion has 
hampered the development of antifouling coatings. This is especially important in the marine 
environment, as environmental restrictions have impeded the use of bacteriocidal coatings 
based on tributyltin and cuprousoxide. 
 
Therefore, the aim of this chapter was to determine the changes in physicochemical surface 
properties of experimental, polyurethane antifouling coatings after incubation in natural 
seawater and to relate these changes with deposition of three marine bacterial strains in a 




Bacterial strains, culture conditions and harvesting. Three marine bacterial strains with 
different cell surface hydrophobicities were selected for this study, including the motile rod-
shaped bacterium Marinobacter hydrocarbonoclasticus ATCC 27132 (water contact angle, 
θw, 85 degrees), non-motile spherical bacterium Psychrobacter sp. strain SW5H (θw, 54 
degrees) and the non-motile spherical bacterium Halomonas pacifica ATCC 27122 (θw, 18 
degrees). For each adhesion experiment, bacteria were precultured from marine agar plates 
(Difco Marine agar 2216, Le pont de Claix, France) in batch culture of artificial seawater 
(Sigma Sea Salts, Steinheim, Germany) 38.5 g l-1, supplemented with bacteriological peptone 
(OXOID, Basingstoke, UK) 5 g l-1 and yeast extract (OXOID) 1 g l-1 for 24 h at 30°C, while 
firmly shaking (rpm 180) to avoid aggregate formation. These cultures were used to inoculate 
second cultures which were grown for 16 h. Bacterial cells were harvested by centrifugation 
(5 min at 10 000 × g) and washed twice with artificial seawater. Subsequently, optical density 
was measured (546nm) with a Spectronic genesys (Spectronic instruments, Runcorn, UK) and 
the bacteria were suspended in artificial seawater to a density of 3 × 108 bacteria ml-1. 
 
Substrata, conditioning film formation and surface characterization. Polyurethane 
coatings with different hydrophobicities (as shown in Table 1) and elastic moduli of 1.9 GPa 
and 1.5 GPa for hard ‘650’ and soft ‘670’coatings, respectively, were applied on glass, as 
described before (1). Conditioning films were allowed to form at room temperature by 
immersion of the plates in natural seawater, obtained from the Marsdiep near Den Helder, The 
Netherlands in September 2002, under gentle shaking (30 rpm) for 60 min. As a control, 
surfaces were also immersed in artificial seawater. After adsorption, conditioned surfaces 
were dipped once in demineralized water before further experimentation. 
 
The hydrophobicities of the polyurethane coatings and the conditioned surfaces were 
determined by the measurement of water contact angles. Conditioned surfaces were dried with 
nitrogen gas until ‘plateau’ contact angles could be measured. Values for contact angles are 
the mean of three drops on three surfaces.  
 
X-ray photoelectron spectroscopy (S-Probe spectrometer, Surface Science Instruments, 
Mountain View, USA) was performed on the polyurethane coatings prior to and after 
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conditioning film formation to determine the chemical composition of the surfaces. The 
spectrometer was equipped with an aluminum anode (10 kV, 22 mA) and a quartz 
monochromator. The angle of the photoelectron collection was 55° with the normal to the 
sample and the electron flood gun was set at 10 eV. A survey scan was made with a 1000 × 
250 µm spot and a pass energy of 150 eV. Detailed scans of the C1s, O1s, and N1s  electron 
binding energy peaks were obtained using a pass energy of 50 eV. Binding energies were 
determined by setting the binding energy of the C1s component due to the carbon-carbon bond 
at 284.8 eV. The experimental peaks were integrated after nonlinear background subtraction 
and the peaks were decomposed assuming a Gaussian/Lorentzian ratio of 85/15 by using the 
SSI PC software package. All elemental surface concentrations presented are averages of 
experiments on two polyurethane coatings.  
 
Atomic Force Microscopy (Nanoscope III AFM, Digital Instruments, Santa Barbara, USA) 
was performed on conditioned and unconditioned polyurethane coatings with a silicon nitride 
cantilever (Veeco, Horwich, UK) with a spring-constant of 0.06 Nm-1 in order to determine 
the mean surface roughness (Ra). Ra indicates the average distance of the roughness profile to 
the center plane of the profile and was determined on three randomly selected sites per 
surface. Furthermore, the elastic modulus of the coatings was assessed by measuring their 
indentation hardness with the AFM, as described in detail before (1,14).  
 
Flow chamber experiments. A stagnation point flow chamber (SPFC) was used in this 
study, as described before in detail (1,5). The flow chamber was incorporated between two 
communicating vessels placed at different heights and containing the bacterial suspension, to 
create a pulse-free flow by hydrostatic pressure. Fluid was recirculated with a roller pump 
between the vessels. In the SPFC, adhesion in an area 1.1 mm away from the stagnation point 
was observed with a CCD-LDH camera (Philips, Eindhoven, The Netherlands) mounted on a 
dark-field microscope (Leitz, Stutgart, Germany) equipped with 50 × objective (Leitz). Live 
images were grabbed with a PC-Vision+ frame grabber (Imaging Technology, Woburn, USA) 
and Sharp filtered. Deposited bacteria were discriminated from the background by single grey 
value thresholding. Experiments were carried out at a flow rate of 0.0088 ml s-1, 
corresponding with a shear rate at the point of observation equal to 22.5 s-1. The total number 
of adhering bacteria per unit area was recorded as a function of time by image sequence 
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analysis. All experiments were performed at 20°C in triplicate, with separately cultured 
strains. 
 
Data analysis and statistical evaluation. The initial deposition rate, j0, describing the affinity 
of a bacterium for a substratum surface, was calculated by linear regression analysis from the 
initial increase of the numbers of adhering bacteria as a function of time. To analyze the 
differences in initial deposition rates, a one-way ANOVA was performed with SPSS for 
Windows (SPSS Inc., Chicago, USA), using a significance level of 0.05. Backward multiple 
linear regression was performed in order to identify the surface properties most predictive for 
the difference in bacterial deposition with and without a conditioning film. The difference in 
initial deposition rate was used as a dependent variable, while the differences in water contact 
angle, mean surface roughness, the percentage surface composition %C, %O, and %N, were 
taken as independent variables. Variables were excluded when equal in both situations or 






Conditioning film characteristics.  Surface characteristics of the substratum surfaces after 
incubation in artificial and natural seawater are presented in Table 1. After incubation of the 
polyurethane coatings in natural seawater, the water contact angle for the hydrophilic coating 
increased on average 8 degrees, whereas for both hydrophobic coatings a clear decrease in 
water contact angles was observed of on average 8 degrees. These changes in hydrophobicity 














Table 1. Water contact angles (θw  in degrees), percentage elemental surface composition of 
polyurethane coatings conditioned in artificial seawater and natural seawater (+CF) and average 
roughness (Ra in nm) after one hour incubation in seawater. Average standard deviations include 2 
degrees, 5 % and 0.1 nm for water contact angles, elemental surface compositions and surface 
roughness, respectively. 
 
Substratum Water contact 
angle 
Elemental surface composition Surface 
roughness 
 θw  % C % N % O % F % Si Ra  
650a   70 74.3 5.3 17.3 0.0 3.0 3.0 
650  +CF 75 68.7 6.5 19.6 0 5.2 4.7 
650Fa  108 56.2 5.7 12.0 24.9 1.2 2.3 
650F  +CF 99 56.0 6.5 13.4 21.7 2.4 4.5 
670a  69 73.9 3.6 19.1 0.0 3.6 5.8 
670 +CF 80 69.6 4.0 21.1 0.0 5.5 10.5 
670Fa  112 46.6 5.7 8.2 39.5 0.0 6.0 
670F +CF 105 47.4 6.2 9.9 35.8 0.8 12.9 
a data taken from (1). 
 
All four polyurethane coatings contained carbon as a major constituent, but after incubation in 
natural seawater a significant decrease in the amount of carbon was observed for the non-
fluoridated coatings (on average 5.0 %), whereas the amount of carbon did not change for the 
fluoridated polyurethanes. An increase in the amount of surface nitrogen was observed for all 
coatings after incubation in natural seawater (on average 0.7 %), indicative for the presence of 
proteins on the surface. A small increase in silicon was observed after incubation of the 
surfaces in natural seawater, probably due to small sand particles. 
 
The mean surface roughness of the substratum surfaces, as determined by AFM, was on 
average 2.7 nm for the hard coatings and 5.9 nm for the soft coatings. After conditioning film 
formation in natural seawater, surface roughness increased up to 4.7 nm for the hard coatings 








Table 2. Initial deposition rates (j0) for three marine strains in a stagnation point flow chamber to 
polyurethane coatings conditioned in artificial seawater and natural seawater (+CF) with different 
hydrophobicity and elastic modulus. 
 












650b   1223 ± 82 1827 ± 170 1216 ± 67 
650  +CF 1562 ± 103 1485 ± 47 736 ± 95 
650Fb  2075 ± 283 1239 ± 112 778 ± 70 
650F  +CF 1690 ± 153 1737 ± 86 834 ± 73 
670b  798 ± 107 1099 ± 59 657 ± 83 
670 +CF 1695 ± 190 1224 ± 93 404 ± 55 
670Fb  1914 ± 188 1098 ± 196 460 ± 90 
670F +CF 1699 ± 179 2170 ± 122 1518 ± 103 
aAll experiments were done in triplicate (± denotes standard deviation over three experiments with 
separately cultured organisms). 
bData taken from (1). 
 
Bacterial deposition. Table 2 shows the initial deposition rates for the three strains on 
substrata after incubation in artificial or natural seawater. In the absence of a conditioning 
film, the most hydrophobic bacterium M. hydrocarbonoclasticus adhered preferentially to the 
more hydrophobic, fluoridated coatings, while in the presence of a conditioning film no 
significant differences in initial deposition between the hydrophobic and more hydrophilic, 
non-fluoridated coatings were observed. Psychrobacter sp. adhered preferentially to the hard 
non-fluoridated coating, whereas after incubation highest initial deposition rates were 
observed for the soft fluoridated coating. The most hydrophilic strain H. pacifica showed 







Table 3. Standardized coefficients (β) and p-values after backward multiple linear regression analysis 
with the difference in initial deposition rate as the dependent variable and the difference in %C, %N, 
%O, the mean surface roughness (Ra) and water contact angle (θw) as independent variables. 
 




H. pacifica ATCC 
27122 
 p β p β p β 
Constant 0.04 -  0.34 -  0.03 -  
∆%C -a - a - a - a - a - a 
∆%N 0.07 -0.15 - a - a - a - a 
∆%O - a - a - a - a - a - a 
∆Ra - a - a 0.16 0.68 0.02 0.60 
∆θw 0.01 0.98 0.17 -0.64 0.02 -0.74 
Sig. 0.02  0.17  0.02  
R2  99.9  97.2  99.9 
aThese variables do not play a significant role in determining the difference in initial deposition of the 
three marine bacterial strains. 
 
Multiple linear regression analysis. For multiple linear regression analysis, all data obtained 
for substrata with a conditioning film were expressed as a difference, relative to the data for 
the substrata in the absence of a conditioning film. The difference in initial deposition rate 
was taken as the dependent variable and the differences in water contact angle, mean surface 
roughness, the percentage surface composition %C, %O and %N were taken as explanatory 
variables. Pearson’s correlation test demonstrated a high correlation between %C, %F and 
%Si and hence %F and %Si were excluded from the analysis. Furthermore, since the elastic 
modulus did not change upon incubation, it was also excluded from the analysis. 
 
Table 3 shows that the difference in water contact angle upon conditioning film formation is 
influential on the deposition of all three strains, although for Psychrobacter sp. (the 
intermediately hydrophobic strain) the influence of the water contact angle difference was not 
significant. Conditioning film formation also impacted the initial deposition rates of 
Psychrobacter sp. and H. pacifica through changes of the mean surface roughness, although 
here too the influence of mean surface roughness on deposition of Psychrobacter sp. was not 
significant. Note that in case of M. hydrocarbonoclasticus ATCC 27132, a small and almost 
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significant influence of the presence of adsorbed nitrogen rich components on initial 
deposition was seen. 
 
Fig. 1 shows the influence of water contact angle, mean surface roughness and nitrogen 
surface concentration on the changes in initial deposition rates of the strains in a single 
parameter model. Fig. 1a demonstrates that the deposition of the most hydrophobic strain 
increases upon the substratum becoming more hydrophobic due to conditioning film 
formation, while the deposition of the more hydrophilic strains decreases. Deposition of H. 
pacifica and Psychrobacter sp. increased with increasing surface roughness (see Fig. 1b), 
whereas increasing nitrogen surface concentrations had a negative influence on the deposition 








Figure 1. Changes in initial deposition rates to polyurethane coatings in a stagnation point flow 
chamber due to the presence of a conditioning film for M. hydrocarbonoclasticus, Psychrobacter sp. 
and H. pacifica as a function of the change in (a) water contact angle (θw). 





















































Figure 1 (continued). Changes in initial deposition rates to polyurethane coatings in a stagnation 
point flow chamber due to the presence of a conditioning film for M. hydrocarbonoclasticus (○, 
continuous line), Psychrobacter sp. (   , short-dashed line) and H. pacifica (□, long-dashed line) as a 
function of the change in (b) the mean surface roughness (Ra) of the surface, and (c) the percentage 
nitrogen on the surface (%N). Lines indicate the best fit in a single parameter linear regression model. 
Data presented denote values found in the presence of a conditioning film minus those in the absence 







In this chapter, we analyzed the effects of newly acquired surface properties after 
conditioning film formation on bacterial adhesion to polyurethanes by means of a multiple 
linear regression analysis. Adsorbed components from the seawater on marine antifouling 
coatings changed the elemental surface composition, hydrophobicity and mean surface 
roughness. The water contact angles of the submersed coatings tended to converge to an 
intermediate hydrophobicity, as also shown by others. Incubation in seawater of stainless steel 
and germanium (both fully wettable), polypropylene (water contact angle 100 degrees) and 
Perspex (water contact angle 73 degrees) in different environmental waters for one hour 
resulted in an average water contact angle of 61 ± 28 degrees (13). However, also surfaces 
exposed to other environments, as for example in the oral cavity containing much higher 
concentrations of dissolved compounds, obtained water contact angles between 50 and 70 
degrees (15). Although all surfaces end up with a similar hydrophobicity, it is still well 
possible that the heterogeneous dissolved organic carbon compounds in the natural seawater 
generated films with different properties with respect to bacterial adhesion. Also, the surface 
properties of the underlying substratum dictate selective adsorption (7) and conformational 
changes of adsorbed macromolecules  (6,17). 
  
Even although only small amounts of organic carbon (part of it being proteins and possibly 
carbohydrates) are present in the natural seawater used, the results obtained clearly 
demonstrate that a conditioning film strongly affects the adhesion of bacteria with a remaining 
influence of the original surface properties. Possibly, longer exposure to natural seawaters 
would have diminished the effects of the underlying surface, as others have reported that the 
time scale in which the composition of the conditioning film becomes independent on the 
substratum surface properties, ranges from 4 h (10) up to 3 days (9).  
 
Multiple linear regression analysis indicated that hydrophobicity was the main determinant for 
bacterial deposition, as evidenced by the relatively high standardized coefficients and the fact 
that hydrophobicity was predictive for all strains. Coatings that became more hydrophobic 
appeared to be more attractive for bacteria that were hydrophobic as well and vice versa, 
which is in agreement with observations on the coatings without a conditioning film (1). The 
general notion that bacteria with hydrophobic surface properties prefer hydrophobic material 
surfaces and the ones with hydrophilic surface properties prefer hydrophilic surfaces (8,12). 
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Furthermore, hydrophobic bacteria adhere to a greater extent than hydrophilic bacteria (16) as 
evidenced by the higher average initial deposition rate for M. hydrocarbonoclasticus (1582 
cm-2s-1) as compared to H. pacifica (825 cm-2s-1). 
 
A positive relation was found between mean surface roughness (which ranges from 2.3 nm up 
to 12.9 nm) and the deposition of micron-sized bacteria. This is surprising and indicates that 
adhesion of bacteria is mediated by structures much smaller than the bacterium itself, like 
fimbriae, flagellae or polymeric substances excreted by bacteria. Although no significant 
relation was shown between elemental surface composition and roughness, adsorbed 
macromolecules are inevitably involved in the changes of roughness observed.  
 
Summarizing, this chapter shows the rapid change of the surface properties of surfaces 
incubated in natural seawater with subsequent changes in deposition of marine bacteria, which 
were due to changes in multiple surface properties; hydrophobicity, roughness and the amount 
of nitrogen on the surface. Attention should be paid that antifouling coatings based on optimal 
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Bacterial adhesion to surfaces is the first step in the formation of a biofilm and has been 
studied extensively over the past decades in many diverse applications, such as on 
biomaterials implanted in the human body, on ship hulls, or in food industry. Bacterial 
adhesion has either been regarded from a specific, biochemical point of view as an interaction 
between complementary surface components (5), or from a non-specific, physicochemical 
point of view. Physicochemical mechanisms of bacterial adhesion either involve a 
thermodynamic model (1), based on measured contact angles with liquids on the interacting 
surfaces followed by calculation of interfacial free energies, or involve the DLVO (Derjaguin, 
Landau, Verwey, Overbeek)-theory (12) in which adhesion is regarded as the total sum of 
Lifshitz-Van der Waals, acid-base and electrostatic interactions. The so-called “fouling 
triangle” (8) defines a combination of roughness, hydrophobicity and mechanical properties 
of a substratum surface that discourages bacterial adhesion. 
 
All of the above mechanisms have been demonstrated to be operative, although on average 
papers dealing with mechanisms of bacterial adhesion to surfaces are based on a few strains. 
A literature search with WinSPIRS in the Silverplatter MEDLINE database (Ovid 
Technologies Inc.: Search and Retrieval Software, Amsterdam, The Netherlands) over the 
year 2002 to determine the number of strains involved in papers with “bacterial adhesion” and 
different physicochemical properties as key words, is presented in Table 1.  
 
Table 1. Number of papers with 1, 2, 3, 4 or more strains involved obtained by a literature search with 
WinSPIRS in the Silverplatter MEDLINE database (Ovid Technologies Inc.: Search and Retrieval 
Software, Amsterdam, The Netherlands) over the year 2002.  
 
                                   Keywords Number of strains used 
 1 2 3 4 > 4 Total 
“bacterial adhesion”         
and “hydrophobicity”  













and “surface charge” or “zeta potential” 6 2 2 1 1 12 





The conclusions of at least 34 papers were only substantiated by the inclusion of a maximum 
of two strains. Often, papers involving three strains or more only demonstrate trends, with 
small or no statistical significance, while studies comprising one or two strains frequently 
yield opposite conclusions. Bos et al. (3) published a review of 266 papers and came to the 
conclusion that bacterial adhesion is unlikely to be ever captured in one generally valid 
mechanism. The relation between bacterial deposition rates and attractive or repulsive 
electrostatic interactions was suggested to be generally valid. 
 
The problems concerning generalization are partly related to the lack of a good and 
universally accepted methodology to study bacterial adhesion to surfaces (3). Many recent 
studies still apply “slight rinsing” or “dipping” to remove loosely adhering bacteria, without 
the realization that all adhering organisms can be regarded as “loosely” adhering provided the 
rinsing forces applied are sufficiently high (6,10). Literature is therefore fouled with studies 
mixing two definitions: adhesion and retention (7). Generalization is also impeded by the 
complexity of bacterial cell surfaces at the nanometer level, although the application of 
atomic force microscopy (4) may soon reveal that physicochemical forces at the nanometer 
level explain bacterial adhesion to surfaces. 
 
Recently, we evaluated the effects of surface free energy and elasticity, as parts of the fouling 
triangle, on adhesion of three marine strains with a low, intermediate and high cell surface 
hydrophobicity (Marinobacter hydrocarbonoclasticus ATCC 27132, Halomonas pacifica 
ATCC 27122, Psychrobacter sp. SW5H) to polyurethanes with different elasticity and 
hydrophobicity. To eliminate the effect of bacterial cell surface hydrophobicity and because in 
marine fouling it is of relatively minor importance which organisms are actually present in a 
fouling layer, initial deposition rates of the three strains were averaged. Fig. 1 summarizes the 
significant relationships obtained in two different flow chambers, viz. a parallel plate flow 
chamber and a stagnation point flow chamber.  
 
As these polyurethane coatings are potentially also of use in the biomedical field, we studied 
adhesion to these coatings of three bacterial strains, isolated from infected implants and also 
possessing different cell surface hydrophobicities (Staphylococcus epidermidis GB 9/6, 
Acinetobacter baumanii 2 and Pseudomonas aeruginosa 3). The aim of this chapter is to 










Figure 1. Averaged initial deposition rates of three marine and three medical strains to different 
polyurethane coatings and glass in the parallel plate flow chamber (PPFC, ●) and stagnation point 
flow chamber (SPFC, ○) as a function of (a) surface free energy γ and (b) elastic modulus E. Solid 
lines indicate the best fitting line, whereas dashed lines indicate the results obtained from similar 
experiments with marine strains (2). 
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methodologies and substrata, done with a different collection of strains, can lead to different 
conclusions.  
 
The rate of initial deposition (j0), a measure for the affinity of a bacterium for the substratum 
was determined in the stagnation point and parallel plate flow chamber for S. epidermidis GB 
9/6, A. baumanii 2 and P. aeruginosa 3. For experimental details the reader is referred to 
Bakker et al. (2). Fig. 1a shows that adhesion of the medical strains decreases with increasing 
surface free energy of the substrata in both flow chambers. This decrease is statistically less 
significant than the increase with increasing substratum surface free energy observed for the 
marine strains in the parallel plate flow chamber. Fig. 1b shows that the decrease in bacterial 
adhesion in both flow chambers with increasing substratum elasticity can at best be called a 
trend, opposite to the behavior of the marine bacteria in the stagnation point flow chamber. 
 
The opposite responses of the two different collections of strains raise the question whether 
we will ever be able to generalize the influence of the physicochemical properties. Obviously, 
whereas valid conclusions can be drawn for three strains out of the same habitat, extrapolation 
from one habitat to another appears to be impossible. In this respect, a series of experiments 
with water isolates of, for instance P. aeruginosa and medical ones would be of great interest. 
Biomaterials-implant related strains have a similar sensitivity (i.e. the slope of the line) for 
changes in substratum surface free energy as the marine strains in the parallel plate flow 
chamber, whereas this sensitivity is higher in the stagnation point flow chamber due to 
different modes of mass transport. The sensitivity toward substratum elasticity is roughly 
similar for both collections of strains in the stagnation point flow chamber, albeit with an 
opposite dependence. 
 
Hypothetically we offer, that organisms isolated from medical implants develop a different 
complexity on their cell surfaces due to a different availability of nutrients, ionic strength, pH, 
temperature, challenge of chemicals. Also, hydrodynamic conditions in the organism habitat 
may have an influence on development of the adhesive cell surface properties of the isolated 
organisms, as fibrils, fimbriae and adhesive surface proteins have a clear function in 
resistance against shear forces (11) and consequently adapt according to environmental 
requirements. Such adaptation may also occur by overly sub-culturing strains in the 
laboratory. Leach et al.  (9) demonstrated clearly that approximately half of the streptococci 
obtained from human saliva manifested fimbriae as an aid for their adhesion and thus survival 
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in the oral cavity that were lost upon subculturing in broth. Summarizing, we conclude that it 
is difficult to generalize findings regarding the mechanisms of bacterial adhesion, especially 
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In general, there are two ways to solve the problem of a fouling surface, discriminated by the 
moment of intervention in the process of adhesion. First of all, it is possible to interfere with 
the actual adhesion process by discouraging the fouling organisms to adhere by offering 
unfavorable conditions for adhesion. The second solution is removal of adhered bacteria from 
a fouled surface after adhesion has occurred.  
 
In the past years, many investigations in the medical field, food and marine industry have 
focussed on the development of non-stick surfaces within the limitations dictated by each 
application, resulting in different priorities. One can imagine that toxicity is not allowed in the 
medical field, whereas costs are more restrictive in the development of a marine coating. 
Resistance of bacteria against antibiotics and bacteriocides urges investigation of other ways 
to protect implanted biomaterials from infection. In food industry, addition of biocides to 
keep processing units clean is mostly excluded. Recently, the International Marine 
Organization tightened the rules for application of toxic compounds in the marine 
environment. As an alternative, cuprous oxides (also toxic) and non-stick coatings are applied 
on high-speed ferries or vessels that navigate a lot (i.e. of which the hull is subject to high 
shear). Summarizing, there is a need of non-emissive coatings discouraging bacterial adhesion 
and growth, which have a great variety of applications.    
 
This thesis evaluates modified polyurethanes for use as non-fouling surfaces in the medical 
and marine environment. Experiments have been confined to initial adhesion, and are largely 
based on adhesion in a model system, i.e. a flow chamber. We will now subsequently discuss 
the methodology used, the selection of bacterial strains for evaluation, detrimental effects of 





The flow chamber proved to be a valuable tool to measure affinity of a bacterium for a 
substratum (1), as an implanted biomaterial or ship hull does not allow real time and in situ 
observation. Many investigations showed that bacteria adhere to every possible surface, 
regardless of the physicochemical properties it possesses, when exposed to a bacterial 
suspension. In this thesis, as well, we did not find a great reduction in the final density of 
bacteria adhering on any of the polyurethane surfaces tested. Initial deposition rates are a 
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measure for the affinity and the results are therefor valuable both with regard to the 
prevention of adhesion as well as to an easier cleansing of the surfaces. This ‘cleansing event’ 
can be the blinking of the eye over a contact lens or a period of navigation for a ship at a high 
speed releasing the fouling that occasionally adhered. These cleaning forces have been 
analyzed for small particles and as a result of a laminar fluid flow, two forces work (14) on an 
adhered microorganism, viz. a lift force and a drag force. On the limit for laminar flow in the 
stagnation point and in the parallel plate flow chamber, the force exerted by the flow is not 
enough to detach an adhering bacterium. Turbulent flow or the passages of air bubbles over a 
coating will however, more efficiently clean the surface (7), so future research should also 
focus at detachment under above-mentioned conditions. For this purpose, it is necessary to 
adapt the flow chambers. 
 
 
THE SELECTION OF BACTERIAL STRAINS FOR EVALUATION 
 
For both the marine and the medical evaluation of the polyurethanes, the selected bacterial 
strains were considered representatives of fouling bacteria, covering a range of 
hydrophobicities. The real situation is, however, a complex and well-balanced system 
comprising a multitude of microbial species. Adding to the complexity of the system, are the 
human immune system in the medical environment and the great variety of strains colonizing 
a biomaterial.  
 
In the marine environment, ships navigate through water with greatly varying conditions and 
microbial populations.  Twelve well-defined zones were defined in the oceans of the world 
that vary in salinity, clarity, temperature and nutrients, and the type and numbers of native 
fouling organisms are different in each of these zones (4). The intention of the thesis was not 
to determine fouling rates in the natural environment, but the selected strains were used as 
model organisms in order to understand the effect of a change in physicochemical properties 





DETRIMENTAL EFFECTS OF BACTERIAL BIOFILMS 
 
In the medical environment bacterial adhesion on a surface has in general a detrimental effect 
on its function, as these biofilms possess increased resistance against bacteriocides and the 
human immune system and are therefor related with increased risk to infections. Adhering 
bacteria are metabolically active and can easily adapt to altered conditions. Therefor they can 
present a surface with different physicochemical surface promoting specific or a-specific 
adhesion of other organisms. In the oral cavity, it was shown that some bacterial strains co-
adhere and adhesion of one strain promotes adhesion of the co-adhering strain (9). In the 
marine environment, microbial biofilms promote corrosion due to penetration of a coating and 
thereby strongly reduce its protective effects. Furthermore metabolites excreted by adhering 
bacteria tend to accelerate the corrosive process. In Fig. 1 the end-stage of biofilm formation 
in the marine environment is presented. Submersed in seawater for prolonged periods of time, 
solid substrata are most likely to possess a biofilm comprising diatoms, protozoa and 
microalgae, seaweed and marine invertebrates of which the barnacles are causing most serious 
problems. Among the cues for settlement are also factors influenced by the conditioning film 
and the marine microbial biofilm (13).  
 
Figure 1. A marine biofilm causing corrosion. 
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Investigations on the exact role of the biofilm, however, showed that bacteria may be a source 
of positive and negative cues for barnacles, because the cyprid stage of the barnacle is able to 
respond to both inhibitory and stimulatory compounds on the surface (10). 
 
 
FUTURE PERSPECTIVE FOR NON-STICK COATINGS  
 
Most non-stick materials based on physicochemical surface properties are either fluorinated 
or silicone coatings. In general, the fluorinated coatings are tough, highly hydrophobic and 
resist fouling, but in time a tight bond to the coating is formed possibly due to a conditioning 
film. Most non-stick coatings need a mild ‘cleansing event’ to remove the biofilm. For the 
fluorinated coatings, a high shear force can be applied without damage to the coating. This is 
in contrast to silicone coatings, which are relatively soft, weak and easily damaged. Silicone 
coatings are a bit less hydrophobic than fluoropolymers and foul therefor more rapidly and 
consequently tighter bonds are formed. A flexible coating like the silicone coating deforms 
when a hydrodynamic force acts on an adhered organism and is peeled away from the surface, 
which requires a smaller force than in case of the shear as with the fluorinated coatings, as 
















Figure 2. Hydrodynamic forces resulting in a peel and a shear force on an adhering bacterium on the 







Different research now focuses on the application of polyurethanes, which combine various 
properties for optimization. They allow independent modification of hydrophobicity and 
elastic modulus and therefor a tough hydrophobic elastomeric coating can be made, which 
tolerates no more than a weak, easily failing joint (5). Some recent developments in marine 
anti-fouling coatings are based on mimicking natural phenomena like the skin of a whale and 
the surface of some red algae, which stay clean under continuous fouling pressure. It is of 
importance to learn from nature and for example, try to find functional biocides or enzymes 
for application in coatings (2) as a zymogel which keeps the skin of a pilot whale clean. Other 
strategies that are recently investigated are the application of nano- (3,8) or micro-structures 
(6), silicone oil or a layer of air covering the hull (which also lowers hydrodynamic 
resistance). Some of these strategies or combinations of strategies can also be used in or 
originate from medical applications and mutual exchange of ideas can be very fruitful. 
  
This thesis shows that there are many complicating environmental factors in the development 
of a non-stick surface, which starts with the formation of a conditioning film. It is concluded 
that physicochemical interactions do play an important role in adhesion and may be used to 
weaken the bond between a bacterium and the surface. Considering the variety and multitude 
of mechanisms that bacterial species utilize to adhere, it is realistic that there will always be 
an exceptional strain that is able to adhere. Therefore we have to conclude that synthetic non-
stick surfaces most probably do not exist and the ultimate goal of a non-stick surface that can 
be achieved will therefor be to facilitate cleansing. The coatings can be of help in the different 
methods that have been suggested to remove fouling, which range from ordinary brush 
cleaning to removal of bacteria by application of electric fields (12), passage of air bubbles 
(7) and ultrasound (11). A more appropriate term for antifouling coatings based on 
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Adhesion and subsequent growth of bacteria to surfaces is a problem in many different areas 
like medicine, food industry, on ships and other industrial and environmental applications. 
Many of these applications dictate the use of non-toxic alternatives to prevent adhesion.  
 
In Chapter 1 the ‘fouling triangle’ is presented, consisting of the most important 
physicochemical properties that determine adhesion of microorganisms to surfaces: 
hydrophobicity, elasticity and rugosity. The aim of this thesis was to verify this triangle by 
testing modified polyurethane coatings with varying hydrophobicity and elasticicty. It should 
be realised, however, that many other factors are relevant in adhesion as well, like bacterial 
variety and variability and conditioning film formation, which are addressed in this thesis as 
well.  
 
In many situations of bacterial deposition, it is difficult to determine the exact mass transport 
conditions, particularly in the marine environment and therefore we investigated the influence 
of the type of flow chamber on the adhesion results under different mass transport conditions 
in Chapter 2. Deposition onto glass in a parallel plate (PPFC) and in a stagnation point flow 
chamber (SPFC) of Marinobacter hydrocarbonoclasticus, Psychrobacter sp., and Halomonas 
pacifica, suspended in artificial seawater, was compared in order to determine the influence of 
methodology on bacterial adhesion mechanisms. The three strains had different cell surface 
hydrophobicities, with water contact angles on bacterial lawns ranging from 18 to 85 degrees. 
Bacterial zeta potentials in artificial seawater were essentially zero, and because of the high 
ionic strength electrostatic interactions were of minor importance. The three strains showed 
different adhesion kinetics and the hydrophilic bacterium H. pacifica had the greatest affinity 
for hydrophilic glass. On average, initial deposition rates were two to three fold higher in the 
SPFC than in the PPFC, possibly due to the convective fluid flow toward the substratum 
surface in the SPFC causing more intimate contact between a substratum and a bacterial cell 
surface than the gentle collisions in the PPFC. The ratios between the experimental deposition 
rates and theoretically calculated deposition rates based on mass transport equations, differed 
not only per strain, but were also different for both flow chambers indicating different 
mechanisms under both modes of mass transport. The efficiencies of deposition were higher 
in the SPFC than in the PPFC, 62 ± 4 and 114 ± 28 % respectively. Experiments in the SPFC 
were more reproducible than in the PPFC with standard deviations over triplicate runs of 8% 
in the SPFC and 23% in the PPFC. Likely, this is due to better-controlled convective mass 
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transport in the SPFC, as compared with the diffusion controlled mass transport in the PPFC. 
In conclusion, this chapter shows that bacterial adhesion mechanisms depend on the 
prevailing mass transport conditions in the experimental set-up used, which makes it essential 
in the design of experiments that a methodology is chosen with mass transport conditions 
resembling the problem investigated.  
 
Flow chambers commonly used in the literature to study microbial adhesion to surfaces under 
environmentally relevant hydrodynamic conditions were analyzed on a more theoretical basis 
in Chapter 3a. Four different PPFC’s were analyzed in order to determine whether the 
expected hydrodynamic conditions, controlling both mass transport and detachment forces, 
were actually achieved. Furthermore, the different PPFC’s were critically evaluated based on 
the size of the area where the velocity profile is established and constant under a range of flow 
rates, indicating that valid observations can be made. Velocity profiles in the different 
chambers were calculated using a numerical simulation model based on the finite element 
method and found to coincide with those measured with particle image velocimetry. 
Environmentally relevant shear rates between 0 and 10000 s-1 could only be measured over a 
sizeable proportion of the substratum surface for 2 out of the 4 PPFC’s. Two models appeared 
flawed in the design of their in- and outlet and only allowed the development of a stable 
velocity profile for shear rates up to 0.5 and 500 s-1, respectively. For these PPFC’s the in- 
and outlet were curved and modeled shear rates deviated from calculated shear rates up to 
75%. It was concluded, that PPFC’s used for the study of microbial adhesion to surfaces 
should be designed to have their in- and outlet in line with the flow channel. Alternatively, the 
channel length should be increased to allow more length for the establishment of the desired 
hydrodynamic conditions. In Chapter 3b the velocity profile of fluid flow in the SPFC used 
in this thesis for deposition of bacteria was reported, together with the advantages and 
disadvantages of the SPFC. In a laminar flow regime (Reynolds number lower than 1400), 
shear rates increasing from the stagnation point where shear was 0 s-1, up to 7000 s-1 were 
reached. 
 
The formation of a conditioning film of organic compounds adsorbed from seawater, affects 
the properties of substratum surfaces prior to bacterial adhesion. Chapter 4 describes 
deposition of the marine bacterial strains on glass, which was conditioned prior to bacterial 
adhesion for one hour with natural seawater. The seawater was collected in different seasons 
in order to determine the effect of seawater composition on the conditioning film and bacterial 
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adhesion to it. The presence of a conditioning film was demonstrated by an increase in water 
contact angle from 15 degrees on bare glass to 50 degrees on the conditioned glass, 
concurrent with an increase in the amount of adsorbed organic carbon and nitrogen, as 
measured by X-ray photoelectron spectroscopy. Multiple linear regression analysis on initial 
deposition rates with as explanatory variables the temperature, salinity, pH and concentration 
of dissolved organic carbon (DOC) of the seawater at the time of collection, showed that the 
concentration of DOC was most strongly associated with the initial deposition rates of the 
three strains. Initial deposition rates of the two most hydrophilic strains to a conditioning film, 
increased with the concentration of DOC in the seawater, whereas the initial deposition rate of 
the most hydrophobic strain decreases with an increasing concentration of DOC.  
 
Deposition of the marine bacterial strains with different cell surface hydrophobicities from 
artificial seawater to modified polyurethane coatings on glass with different surface tensions 
and elastic moduli was studied in situ in a PPFC and SPFC in Chapter 5. Different surface 
tensions of the coatings were established by changing the amount of fluorine, whereas using 
more or less branched polymers made different elastic moduli. Surface tensions of the 
coatings, derived from measured contact angles with liquids, ranged from 11.9 to 44.9 mJ m-2, 
while the elastic moduli, derived from force-distance curves as measured with an atomic force 
microscope were between 1.5 and 2.2 GPa. In both flow chambers, the most hydrophilic 
bacterium H. pacifica adhered preferentially to the more hydrophilic, non-fluoridated coating, 
whereas the most hydrophobic bacterium M. hydrocarbonoclasticus showed a greater 
preference for the more hydrophobic coating. Bacterial adhesion in the PPFC was not 
influenced by the elastic modulus of the coatings, but in the SPFC bacteria adhered in higher 
numbers to hard surfaces than to coatings of lower elastic moduli. 
 
The impact of conditioning films adsorbed from natural seawater to four polyurethane 
coatings with different hydrophobicity, elasticity and roughness was studied for three 
different marine bacterial strains in a multiple linear regression analysis in Chapter 6. The 
water contact angle on hydrophobic coatings decreased on average 8 degrees and increased on 
average by the same amount on hydrophilic coatings. These changes were accompanied by 
increased concentrations of oxygen and nitrogen on the surface as determined with XPS, 
indicative for adsorption of proteinaceous material. Furthermore, the mean surface roughness 
increased on average 4 nm after conditioning film formation. Many studies had shown 
relationships between substratum hydrophobicity, charge or roughness with bacterial 
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adhesion, although it was obvious that bacterial adhesion is governed by an interplay of 
different physicochemical properties and multiple regression analysis would be more suitable 
to reveal mechanisms of bacterial adhesion. Multiple linear regression analysis revealed that 
changes in deposition due to conditioning film formation of M. hydrocarbonoclasticus, 
Psychrobacter sp. SW5H and H. pacifica in a SPFC, could be explained in a model 
comprising hydrophobicity and the prevalence of nitrogen rich components on the surface for 
the most hydrophobic strain. For the two more hydrophilic strains, deposition was governed 
by a combination of surface roughness and hydrophobicity. Elasticity was not a factor in 
bacterial deposition to conditioning films. 
 
Bacterial adhesion occurs in many different environments and often causes problems. In 
Chapter 7, bacterial deposition to modified polyurethanes was compared in the marine and 
medical environment. Various mechanisms appeared to be operative in bacterial adhesion to 
the ployurethanes. Therefore it could be questioned, whether bacterial adhesion to surfaces 
can ever be captured in one generally valid mechanism, especially since the majority of 
studies on bacterial adhesion comprised two strains or less. Based on studies performed here 
using surface free energy and elasticity, it was clear that the nature of the experimental strains 
and surfaces can lead to different conclusions and bacterial deposition can therefore hardly be 
generalized.  
 
In the general discussion (Chapter 8), it is stated that physicochemical properties of surfaces 
play an important role in bacterial adhesion and in the development of non-stick coatings, but 
the great variety in bacteria present in any environment system will always yield selection of 
strains are able to adhere. The adhered bacteria cause problems by secreting toxins and may 
promote subsequent adhesion of other organisms. A combination of different innovative 
strategies can be successful to avoid fouling. Physicochemical properties can be used to 
diminish or weaken bacterial adhesion to surfaces and thereby facilitate ‘cleansing’. An 
improved term for non-stick coatings would therefore be ‘easy-to-clean coatings’. The 
polyurethanes can thus be of great help in combination with cleansing strategies like moments 
of high shear, mechanical cleaning or more advanced strategies like removal of bacteria by 






























Micro-organismen en in het bijzonder bacteriën hebben sterk de neiging te hechten aan 
oppervlakken. In veel gevallen is de hechting van bacteriën één van de eerste stappen in de 
vorming van een biofilm; een laag van organismen in een matrix die bestaat uit eiwitten en 
polysacchariden, die samen een hecht systeem vormen. Hoe belangrijk deze biofilms zijn, 
wordt duidelijk uit de ontelbare plaatsen waar dit soort gemeenschappen voor komen, zoals in 
de mond, op de huid, op stenen in een rivier, op schepen en marine constructies en zelfs in 
een spaceshuttle. In een aantal gevallen doen deze biofilms goed werk, zoals de afbraak van 
giftige stoffen, maar ze hebben ook vaak nadelige gevolgen. Bacteriën in het medische milieu 
zorgen voor prothese geassocieerde infecties, wat vaak tot gevolg heeft dat er een ingrijpende 
operatie nodig is waarbij de prothese vervangen wordt. Naast het medische milieu, richt dit 
proefschrift zich op het marine milieu, waar een volgroeide biofilm de beschermende werking 
van een anti-corrosieve coating verstoort. Bovendien kan het brandstofverbruik van een schip, 
waarop deze laag van fouling (‘vuiligheid’) aanwezig is wel met 20 procent stijgen. Een 
marine biofilm begint met de adsorptie van een laag die bestaat uit biologische stoffen, zoals 
slijm van bacteriën en allerlei producten die vrijkomen bij het afsterven van bijvoorbeeld 
algen. Dit wordt gevolgd door bacteriën en andere organismen zoals diatomeeën, protozoën, 
algen en als laatste groeien allerlei schaaldieren aan zoals pokken en mossels. De hechting 
van bacteriën is een belangrijk aspect in het geheel, omdat het één van de eerste lagen is en 
hierdoor de oorspronkelijke oppervlakte eigenschappen van een eventuele anti-fouling coating 
verandert en hierdoor mogelijk hechting van grotere organismen bevordert.  
 
Dit proefschrift beschrijft de hechting van bacteriën aan gemodificeerde polyurethaan 
coatings. Hechting van bacteriën is mogelijk doordat het hechtingsproces, natuurkundig 
gezien, energetisch gunstig is en daarbij bevorderen veel bacteriën dit hechtingsproces met 
structuren op hun oppervlak, zoals bepaalde gelachtige substanties, haartjes of door actief 
naar het oppervlak toe te bewegen. Onderzoekers kunnen vaak niets aan de bacteriën, die in 
de verschillende milieus voorkomen,  veranderen, daarom wordt geprobeerd het proces van 
hechting te remmen door een oppervlak te maken met eigenschappen die zorgen voor 
minimale hechting. Hiervoor komen vele eigenschappen in aanmerking, maar de drie 
belangrijkste zijn verenigd in de zogenaamde vervuilingdriehoek, die gevormd wordt door 
alle mogelijke combinaties van drie eigenschappen: hydrofobiciteit, elasticiteit en ruwheid, 
zoals gepresenteerd wordt in hoofdstuk 1. Van deze eigenschappen is hydrofobiciteit de 
meest abstracte. Hydrofobiciteit is een maat voor de ‘waterafstotendheid’ van een oppervlak, 
dus of een waterdruppel op een oppervlak bol staat (waterafstotend) of uitspreidt 
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(waterminnend). De hechting van bacteriën werd onderzocht op polyurethaan coatings en 
aangepaste polyurethaan coatings (door toevoeging van fluor en het gebruik van harde en 
zachte polymeren) zodat ze varieerden in hydrofobiciteit en elasticiteit. De gebruikte 
polyurethaan coatings zouden zowel in het menselijk lichaam als in het marine milieu 
gebruikt kunnen worden en daarom werd de functionaliteit in deze twee extreme milieus 
onderzocht. Het marine milieu bevat bijvoorbeeld relatief weinig voedingsstoffen en in het 
menselijk lichaam speelt de menselijke afweer een rol bij bacteriële hechting. Deze factoren 
beïnvloeden bacteriën en hun capaciteit om te hechten. 
 
In het eerste gedeelte van dit proefschrift werd de methode, waarmee bacteriële hechting werd 
onderzocht, onder de loep genomen. Naast de eerder genoemde oppervlakte eigenschappen, 
was bekend dat het uitmaakte hoe een bacterie naar het oppervlak wordt gebracht en hoe sterk 
de stroming erom heen is. Dit kan vergeleken worden met een persoon in een stromende rivier 
die zich probeert vast te klampen aan de wal. Om hechting onder de meest realistische 
condities met een microscoop te bestuderen, werd gewerkt met twee zogenoemde 
‘stroomkamers’. Dit zijn kleine kamertjes waarin aan één kant vloeistof instroomt en aan de 
andere kant vloeistof uitstroomt. De twee gebruikte kamers verschilden in stroomrichting van 
de vloeistof; één stroomkamer had een vloeistofstroom parallel (de parallelle plaat 
stroomkamer) aan het oppervlak, de andere had een vloeistofstroom loodrecht op het 
oppervlak (de stagnatiepunt stroomkamer). De belangrijkste conclusie van hoofdstuk 2 was 
dat verschillen in hechting veroorzaakt door nieuwe eigenschappen van het polyurethaan 
groter waren in de stagnatiepunt stroomkamer. Verschillende stromingscondities, loodrecht of 
parallel aan het oppervlak, hadden grote invloed op het hechtingsproces. Het is daarom 
belangrijk dat er overeenstemming is tussen de model situatie en de gemodelleerde situatie. 
 
In hoofdstuk 3a en b werd op een theoretische manier ingegaan op de stroming in de 
gebruikte stroomkamers en tegelijkertijd werden de stroomkamers vergeleken met andere 
stroomkamers die gebruikt werden in de literatuur. Een belangrijke parameter op basis 
waarvan de stroomkamers vergeleken werden, was de ‘shear-stress’, een maat voor de kracht 
die een stromende vloeistof op een gehechte bacterie uitoefent. Een goed ontworpen 
stroomkamer moet lang zijn zodat de stroom zich goed kan instellen (‘laminair’ worden) en 
bovendien moeten inlaat, uitlaat en de kamer geleidelijk in elkaar over gaan. Niet alle 




In het tweede gedeelte van het proefschrift werd ingegaan op het uiteindelijke 
hechtingsproces, waarbij in hoofdstuk 4 de nadruk lag op de invloed van de conditionerende 
laag van biologische stoffen (slijm, eiwitten, lipiden) die aan een oppervlak adsorberen 
voordat een bacterie zou kunnen hechten. Gedurende het seizoen veranderden de 
hoeveelheden van deze stoffen opgelost in het zeewater en het is belangrijk te weten wat 
hiervan het resultaat is op bacteriële hechting. Deze laag, aangetoond met fysische technieken 
zoals bijvoorbeeld de eerder genoemde hydrofobiciteits-meting, veranderde de 
oppervlakteeigenschappen sterk en er bestond een duidelijke relatie tussen hechting en de 
hoeveelheid en aard van de biologische stoffen opgelost in het zeewater. Tijdens het afsterven 
van de algen, na een algenbloei in mei, werden hoge concentraties biologische stoffen 
gevonden en dit was van grote invloed op de hechting van bacteriën. Voor twee van de drie 
gebruikte stammen leidde de vorming van de conditionerende laag tot een verhoogde hechting 
van bacteriën.  
 
In hoofdstuk 5 werd hechting bestudeerd op de veranderde polyurethaan coatings in 
kunstmatig zeewater (dit is zeezout opgelost in water zonder de biologische stoffen) om het 
effect van de oorspronkelijke eigenschappen op hechting te onderzoeken. De hydrofobiciteit 
zat tussen die van schoon glas (waterminnend) en een Teflon pan (waterafstotend) in, terwijl 
de elasticiteit varieerde van de elasticiteit van hard plastic tot rubber. De meer waterminnende 
bacteriën hadden een voorkeur voor de waterminnende oppervlakken en de minder 
waterminnende bacterie had een voorkeur voor de waterafstotende oppervlakken. Dit is in 
tegenstelling tot wat vaak gedacht wordt, namelijk dat bacteriën in hun algemeenheid slechter 
hechten op de waterafstotende oppervlakken. Zacht-elastische oppervlakken bleken 
vervolgens beter schoon te blijven dan harde oppervlakken, alhoewel dit effect alleen werd 
gevonden wanneer de stroom loodrecht op het oppervlak was.  
 
In hoofdstuk 6 werd beschreven dat wanneer dezelfde polyurethaan coatings in natuurlijk 
zeewater getest werden, een gedeelte van deze eigenschappen gemaskeerd werd door een 
conditionerende laag (bestaande uit biologische stoffen). Zo kwam de hydrofobiciteit van de 
coatings, die in eerste instantie een waarde had vergelijkbaar met ofwel glas of Teflon, ergens 
tussen deze twee uitersten te liggen. De oppervlakken werden bovendien ruwer en bevatten 
meer eiwitten na onderdompeling in natuurlijk zeewater. Deze  veranderingen leidden ertoe 
dat er gemiddeld meer hechting plaatsvond. Bovendien was de verandering in hechting van de 
geselecteerde stammen evenredig met de verandering in de factoren hydrofobicteit, ruwheid 
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en hoeveelheid eiwit op het oppervlak en dit maakt het zeer aannemelijk dat dit de enige 
factoren zijn die hechting bepalen als oppervlakken aan het natuurlijk milieu worden 
blootgesteld.  
 
Bacteriële hechting is echter een probleem op veel verschillende gebieden. In hoofdstuk 7 
werd derhalve de hechting van medische stammen aan polyurethanen onderzocht. De geteste 
eigenschappen hadden wel degelijk invloed op de hechting, maar de conclusies waren anders 
dan voor marine stammen. Gebaseerd op de in deze studie behaalde resultaten, kon 
geconcludeerd worden dat hechting van bacteriën niet volgens een algemeen geldend 
mechanisme verloopt. In tegenstelling tot de hechting van de marine bacteriën, hechtten de 
medische bacteriën beter op hydrofobe coatings en werd er geen sterke relatie gevonden met 
de elasticiteit. Dit onderstreept bovendien dat het belangrijk is hechting van veel verschillende 
bacteriesoorten te testen om de aangroeiwerende capaciteit van een coating te bepalen.  
 
Samenvattend (hoofdstuk 8) werd gesteld dat oppervlakte-eigenschappen duidelijk  van 
invloed waren op bacteriële hechting, maar dat de ge-evalueerde polyurethaan coatings niet de 
optimale eigenschappen hadden om bacteriële aangroei te voorkomen. Dit komt doordat 
bacteriën een zeer uitgebreid arsenaal aan mechanismen tot hun beschikking hebben om 
hechting te bevorderen. Bovendien zullen onder de bacteriën, die zeer uiteenlopende 
eigenschappen bezitten, altijd enkele aanwezig zijn die wel in staat zijn te hechten. Bacteriële 
hechting moet echter voorkomen worden omdat bacteriën soms toxische stoffen produceren 
en aangroei van andere organismen bevorderen. De onderzochte eigenschappen kunnen 
mogelijk zeer behulpzaam zijn bij andere strategieën en een combinatie van innovatieve 
technieken kan leiden tot een oppervlak dat vrij blijft van bacteriën. Hierbij wordt gedacht aan 
reinigingstechnieken op basis van borstels, snel varen (in het geval van een schip), 
elektriciteit, ultrasound geluid of luchtbellen. Een goede naam voor deze coatings zou dan 
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1. Bacteriële hechting wordt zowel bepaald door de hydrophobiciteit van het substraat als de bacterie. 
(dit proefschrift)  
2. Hydrodynamische condities beïnvloeden bacteriële hechting in grote mate. (dit proefschrift) 
3. Aangroeiwerende coatings op basis van de fysisch-chemische eigenschappen bestaan niet zolang 
er conditionerende films bestaan. (dit proefschrift) 
4. Marien onderzoek is water uit de zee dragen. (dit proefschrift) 
5. Met behulp van de ‘atomic force microscope’ kan alleen de juiste adhesiekracht tussen een 
bacterie en een oppervlak gemeten worden als het oppervlak vlak is.  
6. Gezien de verhoogde resistentie van bacteriën in een biofilm tegen antibiotica, dient ook bij 
materialen die minder geschikt zijn voor microscopisch onderzoek, zoals botcement, bacteriële 
hechting bestudeerd te worden.  
7. Niet alle wetenschap moet naar de markt. 
8. In de natuur is de oplossing van aangroeiwering al voorhanden.  
9. Een ‘impact factor’ heeft te grote impact. 
10. Aangezien de kennis van de biologische fundamenten, ‘proteomics’ and ‘genomics’, een nieuw 
wetenschappelijk tijdperk aankondigt, zou dit aan ieder wetenschappelijk curriculum toegevoegd 
moeten worden. 
11. Het proces van toetreding van nieuwe landen tot de Europese Unie gaat ten koste van de 
verdieping van de integratie. 
12. Alhoewel de meeste religies de regel kennen ‘heb uw naasten lief’, doen de statistieken over de 
oorzaken van oorlogen anders geloven.  
13. Gezien het moment van medische handeling is een betere term voor gezondheidszorg in 
Nederland: ziekenzorg. 
14. Sportende mensen zijn gelukkiger.  
15. Het afschaffen van het beleid van positieve discriminatie leidt eerder tot een evenredige man 
vrouw ratio dan het in stand houden ervan.  
16. ‘Zich laten hinderen door enige kennis’ is een positieve eigenschap voor een wetenschappelijk 
onderzoeker.  
17. Het tegelijkertijd op groen zetten van alle stoplichten voor fietsers doet afbreuk aan de status 
‘Groningen fietsstad’.  
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